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Abstract 
Mercury (Hg) emissions are a global concern because of the potential risks Hg poses to 
human health and the environment. In particular, it can affect human health by acting as 
a neurotoxin, harming the human development system. Furthermore, long term 
exposure to methyl mercury ((CH3)2Hg) can damage the heart, kidneys, lungs, and 
immune system of people from all age groups. Coal-fired power plants are the major 
man-made source of Hg emissions. Three general forms of Hg species are generated 
during coal combustion, namely, elemental mercury (Hg0), oxidised mercury (Hg2+), and 
particulate mercury (Hgp). Existing conventional technologies in coal-fired power plants 
such as wet scrubbers, electrostatic precipitators, and fabric filters can efficiently 
remove both Hg2+ and Hgp from coal-fired flue gas. However, Hg0 is very difficult to 
remove due to its high volatility and low solubility in water. 
A variety of technologies have been investigated to remove Hg0 from the flue gas. 
Among them, the current state of the art technology for controlling Hg0 emissions is 
Activated Carbon Injection (ACI). However, ACI technology has a few drawbacks such as 
high operating expenses, poor capacity, narrow temperature range of application, and 
slow adsorption and regeneration rates. Also it is difficult to determine break through 
capacity. In order to overcome these concerns, the catalytic oxidation of Hg0 to Hg2+ is a 
promising approach for controlling anthropogenic Hg0 emissions from coal-fired power 
plants in a cost effective and environmentally friendly manner. Several different 
catalysts like noble metals have been studied for Hg0 oxidation so far. Noble metal 
catalysts, such as gold and palladium, have been shown to promote the catalytic 
oxidation of Hg0, but they are considered too expensive for industrial applications.  
As is well known, ceria (CeO2) has received considerable attention due to its unique 
properties, including high mechanical strength, oxygen ion conductivity and oxygen 
storage capacity (OSC) via the redox shift between Ce4+ and Ce3+ under oxidizing and 
reducing conditions, respectively. Additionally CeO2 is also interesting for catalytic 
conversion economically because it has been shown that adding comparatively 
inexpensive CeO2 can allow for substantial reductions in the amount of noble metals 
needed in various commercial applications. Because of their tremendous properties, it 
has been also investigating for mercury removal technologies. Therefore, there is still 
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significant interest in identification of the CeO2 catalyst physicochemical properties and 
plausible mechanisms that lead to improve Hg0 oxidation performance is obviously 
important for the development of catalysts for mercury removal in coal-fired power 
plants. The performance properties of CeO2 can be enhanced via doping, i.e. partial 
substitution by other cation in its crystal lattice to create vacancies, and via 
nanostructuring to create surface crystal defects for more active sites. Further, the 
redox properties and chemical activity of pure CeO2 can be improved through doping. 
Therefore, there is a strong demand for an enhanced structural, surface, and redox 
properties of pure CeO2. It has been observed that doping of CeO2 with transition and 
rare earth metals enhances its redox properties in addition to creating a high surface 
area and active sites for oxidation reactions. However, they have not been tested for Hg0 
oxidation reactions. In this context, the present work has more focussed on the 
exploitation of doped ceria catalysts to enhance Hg0 oxidation efficiency. 
 
A simple co-precipitation method has been used for the synthesis of different transition 
and rare earth metals (Mn, Fe, Zr, La, Pr, and Sm) doped ceria and the resultant ceria-
based catalysts were screened for Hg0 oxidation in presence of simulated HCl flue gas at 
an operating temperature of 423 K. Among them, transition metals (Mn, Fe, and Zr) 
doped CeO2 catalysts showed better Hg0 oxidation efficiencies. In particular, the Mn 
doped CeO2 (Ce0.7Mn0.3O2–δ) catalyst showed higher Hg0 oxidation performances.  Based 
on the obtained results, the best Ce0.7Mn0.3O2–δ catalyst is investigated further to know 
the significance of physicochemical properties towards Hg0 removal (i.e oxidation and 
adsorption) in different flue gas conditions. The influence of HCl and O2 gas conditions 
on the performance of Ce0.7Mn0.3O2–δ catalyst was also investigated. The specific surface 
area, oxygen vacancies, and redox behaviour of Ce0.7Mn0.3O2–δ catalyst was improved by 
the synergetic interaction between Ce and Mn, thereby enhanced Hg0 removal 
performances.  
 
Furthermore, the effect of dopant composition can also modify the structural and 
surface properties of ceria, thereby enhance the catalytic performance. Considering the 
advantages, different amounts of Fe doped Ce0.7Mn0.3O2–δ materials were prepared and 
tested for Hg0 removal studies. The Hg0 removal performances under different flue gas 
conditions such as HCl, O2, and NH3 have been studied. It was found that Fe doping into 
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Ce0.7Mn0.3O2–δ led to decrease particle size and increased redox properties of CeO2, 
yielding a synergistic effect in increasing more oxygen vacancies and catalytic activity. 
 
Various physicochemical characterization techniques, namely, X-ray diffraction (XRD), 
transmission electron microscopy (TEM), inductively coupled plasma-optical emission 
spectroscopy (ICP-OES), BET surface area (SA), Raman spectroscopy (RS), X-ray 
photoelectron spectroscopy (XPS), UV-visible diffuse reflectance spectroscopy (UV-
DRS), and temperature programmed reduction (TPR)  were employed to investigate 
these doped ceria systems. 
 
Overall, the present work aims at elemental mercury (Hg0) oxidation and adsorption 
over various CeO2-based catalysts for different gas compositions and an operating 
temperature of 423 K. For this purpose, an extensive experimental study of the Hg0 
removal (oxidation and adsorption) over different ceria-based catalysts has been 
carried out in a laboratory setup under different flue gas conditions.  Analysis of the Hg0 
removal experiments data under different flue gas conditions has provided a greater 
mechanistic understanding of the mercury chemistry over ceria-based catalysts. Such 
experiments conducted within this body of work have identified the plausible 
mechanisms such as Langmuir-Hinshelwood mechanism and Mars-Maessen mechanism 
taking place under different operating conditions. 
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CHAPTER 1 
Introduction and Literature Overview 
 
This chapter provides a thorough literature survey on mercury pollution and how it 
impacts human health and the environment. The mechanisms involved in mercury 
removal process are discussed with respect to treating flue gas streams from the coal-
fired power plants (largest anthropogenic source of Hg in the environment). The 
rationale for the approach undertaken to develop ceria-based catalysts and the notable 
attributes which make it an excellent candidate for mercury removal applications also 
discussed at length in this chapter. Additionally, the importance of ceria-based catalysts 
has been discussed at length in this chapter. The main objectives and the scope of the 
present investigation are also clearly outlined. 
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1.1  Introduction and Background 
Mercury (Hg) and its related compounds are hazardous pollutants of global concern 
that is naturally found in the Earth’s crust in various forms (eg. HgS). It is also known to 
be a potent poison of the human nervous system since Greek and Roman times [1-3]. 
Elemental mercury (Hg0) has typically been used in thermometers, electrical tilt 
switches and the new energy efficient compact fluorescence light bulbs (CFL). Since 
1990, Hg0 has been listed as a hazardous and toxic pollutant under Title III of the Clean 
Air Act Amendments (CAAA) in the United States [1, 4].  
Hg0 has a long residence time in the atmosphere from 0.5 to 2 years [5]. If mercury 
enters water bodies and oceans through deposition, it can be transformed by bacteria 
into methyl mercury ((CH3)2Hg), a highly toxic organic form of Hg [6]. Eventually, 
methyl mercury bio-accumulates in aqueous animals such as fish and shellfish and has 
been widely established as the most toxic form of mercury that affects human health 
and wild life development [7, 8]. In particular, it can effect human health by acting as a 
neurotoxin, harming the human development system [9]. Furthermore, the long term 
exposure to methyl mercury can damage the heart, kidneys, lungs, and immune system 
of people from all age groups [10, 11]. Importantly, children are considered to be most 
vulnerable to mercury intoxication, which may lead to impairment of the developing 
central nervous system, as well as pulmonary and nephrotic damage [12]. It is well-
known that the Minimata Bay tragedy in Japan (1960) intensified global awareness 
regarding the notorious or toxic effect of mercury [13]. Concerns over the 
environmental effects of Hg have triggered discussions on more stringent regulations in 
many countries. 
1.2  Mercury Emission Sources 
The emission of mercury from anthropogenic sources is a global issue, which has no 
national and international boundaries. Once mercury emits into the atmosphere, it can 
travel thousands of miles due to its high volatility and mobility. Thereafter, it ultimately 
deposits back to the earth in rainfall or in dry gaseous form. Although, mercury deposits 
on the earth’s surface, it can be readily reemitted to the atmosphere as a gaseous form. 
This re-emission process is called the "grasshopper effect," and can extend the 
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environmental legacy of mercury emissions for several decades. The efficacy of re-
emission increases with increasing temperature. As a result mercury tends to 
accumulate in particularly high levels in cold regions such as the Arctic where re-
emission is slow [14].  
Figure 1.1 shows the various regional mercury emissions globally. Worldwide mercury 
emissions from human activities are currently estimated to be 1000–6000 tons/annum, 
which accounts for 30–55 % of global atmospheric mercury emissions [15, 16]. 
Recently, the United Nations Environmental Programme (UNEP) in 2013 announced 
that East and Southeast Asia contributed  40 %  of mercury emissions around the world 
[17]. In particular, coal-fired power plants and small-scale gold mining are the largest 
contributors to mercury pollution worldwide, according to a report released by the 
United Nations in 2010 [18, 19]. Among various countries, China (575 tons in 2010) and 
India (310 tons in 2010) are the leading emitters, with both countries producing a large 
amount of mercury emissions from coal combustion for power generation [5, 20-22].  
 
 
 
 
 
 
 
 
Figure 1.1  The regional mercury emissions globally in 2010 from various 
countries. 
Apart from Asia, other regions were also contributing to mercury pollution. For 
example, in Europe, the total mercury emissions from coal-fired plants are projected to 
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be as low as 15 metric tons/year by 2020 [23]. In the United States, coal-fired utilities 
contributed about half of the anthropogenic US emissions in 2005 (approximately 48 
metric tons/year) [24]. 
Volcanic eruptions and forest fires are the main natural sources that contribute to 
mercury emissions in the air, water, and soil. Other mercury emission sources 
encompass manmade sources such as coal combustion and incineration of medical and 
municipal waste. The detailed discussions about these Hg emissions are described as 
follows. 
1.2.1  Natural sources 
Mercury emissions from vegetation, soils, lakes, rivers, oceans and volcanoes, as well as 
the re-emission of previously deposited mercury can be considered as natural sources 
[25]. Among various natural sources, volcanoes are responsible for approximately half 
of atmospheric mercury emissions. They signify a potentially important natural source 
of mercury in the atmosphere which has become of environmental interest. The effect of 
volcanic eruptions on mercury emissions primarily depends on geochemical status, 
whether they are in a degassing or eruption phase. For example, cataclysmic volcanoes 
are the natural sources that emit volatile mercury into the stratosphere [26]. Various 
authors have estimated the quantity of mercury emissions due to natural sources by 
modelling and simulation studies. Nriagu et al. proposed that volcanoes and geothermal 
activities release about 1140 metric tons of mercury from 1980 to 2000, accounting for 
nearly 2 % of the total contribution from natural processes [25]. Significant amounts of 
Hg are also deposited and re-emitted from the surface of the oceans. Over 80 % of the 
Hg deposited in marine ecosystems is reemitted to the atmosphere, approximately 3600 
Mg yr–1[27]. 
1.2.2  Anthropogenic sources 
1.2.2.1 Coal-fired power plants 
Figure 1.2 shows the various man-made mercury emission sources in 2010. After 
artisanal and small-scale gold mining, fossil fuel combustion for power generation is 
contributing more towards mercury emissions. The largest emissions occur through 
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coal combustion from industrial and residential boilers. Streets et al. reported that the 
change in predicted emission rate of anthropogenic Hg on a global scale may range 
anywhere from −4 % to +96 % by 2050 [28]. It was reported that the range of 2050 
global Hg emissions is projected to be 2390−4860 mega grams (Mg), compared to 2006 
levels of 2480 Mg [28]. The main driving force for increased emissions is the expansion 
of coal-fired electricity generation. However, this large variation is highly dependent on 
future implementation of best available technology (BAT) in coal-fired utilities and 
energy demand. 
 
 
 
 
 
 
 
 
Figure 1.2  Global anthropogenic mercury emissions in 2010 [17]. 
Coal is the most abundant fossil fuel with known reserves of approximately 900 billion 
metric tons, which is sufficient to meet the current energy demands for the next 200 
years [29, 30]. It naturally contains mercury in the range of 0.02‒1 ppm and most of the 
mercury exists in different compounds such as sulphides, chlorides, and associated with 
organic matter. As mentioned previously, the concentration of mercury in coal varies 
with the quality of coal type [31]. For example, the mercury concentration in flue gas 
was measured to be 10.44–37.77 μg/m3 for burning domestic anthracite coal [32]. On 
the other hand, the mercury emission concentrations measured at bituminous coal 
burning boilers ranged between 1.01 and 5.41 μg/m3 [31]. Although, it exists in trace 
amounts in coal, its emission into the environment can be considerable due to the 
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higher energy requirements and large amounts of coal used for power generation 
worldwide. 
1.2.2.2 Other sources 
Apart from coal-fired power plants, there are other man-made sources such as 
municipal and medical wastes, ore processing facilities, cement plant industries, and 
caustic soda production pants [33]. In the case of municipal and medical waste, mercury 
can be released from disposable batteries, electronic devices, and dental applications. 
Mukherjee et al. estimated that approximately 240 Mg/year is the amount of mercury in 
waste contained in consumer products [34].  
Mercury released from artisanal and small scale gold mining activities is also one of the 
most critical environmental issues. Due to high gold mining activities in more than 70 
countries, almost 1000 Mg/year of mercury is released to the environment from this 
particular source [35]. In addition to these sources, mercury pollution from medical 
applications is also a considerable issue to the environment. The European 
Environmental Bureau (EEB) in 2007 has published data about mercury pollution from 
dental applications and it is determined that 109 tons of mercury per year is disposed 
into the environment. Moreover, mercury in the teeth of deceased persons contributes 
14 tons Hg/y in Europe alone. Further, CFL produced in China also contain relatively 
high amounts of mercury (up to 40 mg per lamp) due to the prevalence of liquid 
mercury dosing. Upon disposal CFL tubes release a significant amounts of mercury to 
the environment [36]. 
1.3 Mercury Transformation in Coal Combustion Systems 
The mercury present in the flue gas exists in three different general forms, namely, 
oxidized mercury (Hg2+), particulate-bound (Hgp), and elemental mercury (Hg0) [37-
41]. Generally, more than half of the gas phase Hg exists as Hg2+ which is likely to be 
HgCl2 (50–80 %), and the remaining is Hg0 (20–50 %) [42]. Hg2+ can be easily removed 
from coal-fired flue gases by flue gas desulfurization (FGD) systems that currently exist 
in most coal-fired power plants. Hgp can be removed by dust control equipment such as 
bag houses, electrostatic precipitators (ESP) and fabric filters (FF). Hg0 however is very 
difficult to remove using conventional technologies due to its unique properties such as 
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low melting point (‒38.9 ˚C), high equilibrium vapour pressure (0.25 Pa at 25 ˚C), and 
low solubility in water (60 mg/m3 at 25 ˚C) [43, 44].  
As mentioned earlier, the concentration of mercury in coal is in the order of 0.1 ppm. 
Generally, coal combustion temperatures are extremely high (> 1700 K) in the power 
plants [45]. As a result, the mercury in the coal (HgS and/or HgCl2) is transformed 
mainly as elemental mercury (Hg0), since the thermodynamic equilibrium of these 
transformations favours the elemental form. However, the Hg0 vapor undergoes several 
physical and chemical process changes in the post combustion system. Therefore, in the 
combustion zone, mercury is vaporized from the coal as Hg0. As the flue gas 
temperature decreases, Hg0 is oxidized to form HgO and/or HgCl2. Figure 1.3 clearly 
shows the transformation of mercury and its varied forms during coal combustion and 
post combustion process.  
 
 
 
 
 
 
 
 
Figure 1.3  Mercury transformations during coal combustion and post-combustion 
process [46]. 
The mercury speciation is also affected by the conventional technologies such as air 
heaters and air pollution control technologies in the post-combustion region of the 
boiler. In coal-fired power plants, facile removal of Hg0 from the flue gas is the 
conversion of Hg0 to Hg2+ through oxidation. Because HgCl2 is highly soluble in water, it 
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can be removed during the wet flue gas desulfurization process [47]. It is reported that 
98 % of the oxidized mercury species can be removed in wet FGD process [48, 49].  
Generally, the elemental form (Hg0) can be transformed into oxidised form (Hg2+) 
through different reactions such as homogeneous (gas phase) or heterogeneous (gas 
solid phase) reactions [50]. When the temperature reaches 473 K in the coal 
combustion process, the mercury starts to volatilize regardless of its form and 
subsequently at above 873‒973 K, the only stable form of mercury is elemental (Hg0). 
Thereafter, as the temperature reduces to below 673 K, the part of the Hg0 reforms back 
to oxidized to HgCl2(g) due to the high chlorine content in the coal. However, this 
transformation depends on the type of coal, because the chlorine content of coal 
depends on the origin of the coal. For example, high percentages of oxidized mercury 
are typically observed in flue gas from burning bituminous coal.  The Hg0 in coal 
combustion systems can also react with O2 and NO2. In particular, these oxidised species 
can act as catalysts in the Hg0 adsorption on carbonaceous materials at low 
temperatures (373‒673 K) [51]. However, the kinetic limitations and short residence 
time factors make these reactions less feasible under some combustion conditions.  
Furthermore, mercury can be converted to thermodynamically stable species such as 
HgSO4(s) and HgO(s) in coal combustion systems at temperatures between 383 and 593 K 
[52]. Thus, the oxidation of elemental mercury depends on the composition of the flue 
gas and on the amount of HCl, NOx, and SO2 present in the coal combusted flue gas. 
Thermodynamic calculations also predict that mercury oxidation is more favourable at 
lower temperature [45]. As mercury leaves the combustion zone, the temperature of 
flue gas cools and the equilibrium product were shifted from Hg0
 
to Hg2+. Figure 1.4 
shows the typical mercury transformation between 500 and 1100 K from Pittsburgh 
coal [53]. As indicated in Figure 1.4, the Hg0 oxidation occurs at temperature below 900 
K and that mercury will be completely oxidized at (or below) 700 K. However, Hg0 is the 
only thermodynamically stable species above 1000 K. Accordingly, the conversion of 
mercury varying with temperature suggesting the Hg0 conversion process is kinetically 
controlled in coal combustion systems. Therefore, the conversion of mercury from 
elemental form to oxidised form is an important key to selecting the appropriate 
mercury removal technology. 
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Figure 1.4  Equilibrium Hg speciation in flue gas as a function of temperature [54].  
1.4 Mercury Control Process from Coal Combustion 
There are several technologies that can be used to lower mercury emissions from coal 
fired power plants. Figure 1.5 shows a schematic diagram of typical mercury emission 
control systems present in coal-fired power plants. It can be seen from Figure 1.5 that 
the flue gas temperature decreases from high combustion temperatures of ~1700 K to 
lower temperatures, 323 K, where the stack gas exit from the boiler. This temperature 
variation is significant for the efficient removal or conversion of mercury from the 
power plants. Some of the available technologies in the power plants are explained as 
follows. 
i) Selective catalytic reduction (SCR) technology 
ii)  Sorbent technology 
iii) Electrostatic precipitators and fabric filters 
iv) Flue gas desulfurization 
v) Catalytic oxidation. 
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Figure 1.5  The configuration of coal-fired power plant with the technologies to 
reduce mercury emissions [55]. 
1.4.1  Selective catalytic reduction 
Selective catalytic reduction (SCR) technology is used in coal-fired power plants to 
control SO2 and NOx pollutant emissions [30, 56, 57]. The primary aim is to reduce NOx 
emission through a catalytically enhanced reaction of NOx with NH3, which produces 
harmless products such as water and nitrogen. A typical SCR process is shown in Figure 
1.6.  
In this process, ammonia is diluted with air or steam and this mixture is injected into 
the flue gas upstream of a SCR catalyst bed where it reacts with the gas coming from the 
economizer. This reaction takes place on the surface of a catalyst and the typical catalyst 
materials used in this technology are the catalytically active component vanadium 
pentoxide (V2O5) with tungsten trioxide (WO3) and/or molybdenum trioxide (MoO3) as 
activators as well as titanium dioxide (TiO2) [58, 59]. The V2O5 phase not only catalyzes 
NOx reduction but also catalyzes Hg0 oxidation [51].  Stolle et al. reported that Hg0 
oxidation activity enhanced with increasing V2O5 concentration on the commercial 
V2O5/WO3(MoO3)/TiO2 catalyst [60].                      
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Figure 1.6  The SCR process for NOx reduction and Hg0 oxidation [61]. 
The reactions involves in SCR process, where the oxidation of Hg0 and reduction of NO 
occurred as follows. 
2 HCl(g) + Hg0(g) +1/2 O2(g) ↔ HgCl2(g) + H2O(g)       (1.1) 
2 NO(g) + 2NH3(g) +1/2 O2(g) ↔ 2N2(g) + 3 H2O(g)       (1.2) 
NO + NO2 +2NH3 → 2N2 + 3H2O           (1.3) 
2NO2 + 4NH3 + O2 → 3N2 + 6H2O           (1.4) 
 
Early field measurements conducted in Europe indicate that an SCR reactor installed for 
NOx emission control promotes the formation of oxidized mercury species [62]. Hg0 
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oxidation mostly takes place at the outlet of reactor in SCR process as shown in Figure 
1.7.  
 
Figure 1.7  Schematic of nitrogen oxides reduction and mercury oxidation over a 
SCR catalyst [63]. 
The SCR technology is effective in controlling NOx emissions as well as oxidizing Hg0 in 
flue gas. However, it has some disadvantages such as narrow active temperature 
window and presence of other gases (HCl and SO2) in SCR process [64]. Particularly, the 
conventional SCR catalysts are not effective enough for Hg0 oxidation with low HCl 
concentrations. In addition, SO2 and NH3 have been observed to inhibit Hg0 oxidation 
over the conventional SCR catalysts. The negative effect of SO2 and NH3 on Hg0 oxidation 
involved in SCR process as illustrated below. 
HgCl2(g) +SO2(g) + H2O(g) → Hg0(g) + 2HCl(g) +SO3(g)        (1.5) 
HgCl2(g) + NH3(g) → Hg0(g) + 2HCl(g) + 1/2N2(g) +1/2H2O(g)      (1.6) 
SO2(g) + 1/2O2(g) → SO3(g)            (1.7) 
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1.4.2  Sorbent technology 
Sorbent technology has been widely used for reducing mercury emissions. Hg can be 
captured by sorbents through amalgamation, physical adsorption, and chemical 
adsorption as well as chemical reaction [65]. In particular, dry sorbents have the 
potential to remove both elemental and oxidized forms of mercury [66]. They are also 
used as commercial air pollution control systems for a variety of volatile organic 
compounds, dioxin-furan, and heavy metals control applications [67]. The major 
advantages of sorbents are as follows 
(i) Highly efficient for removing mercury from burning of lignite, bituminous, and 
subbituminous coals. 
(ii) Significantly shorter installation time compared to SCR technologies. 
(iii) Mercury capture can be enhanced if sorbents undergo chemically treatment. 
Various materials have been tested for the removal of gas phase Hg0 by sorbent 
technology. The materials include activated carbons (AC) [68], noble metals [69, 70], 
base metals and metal oxides [71, 72].  The general utilization of sorbent technology in a 
coal-fired power plant consists of three main options (i) activated carbon injection 
upstream of the existing dust collector system; (ii) gas cooling followed by activated 
carbon injection upstream of the existing dust collector system; (iii) gas cooling of the 
effluent gas stream of the existing dust collector system followed by activated carbon 
injection upstream of a second dust collector for removal of the adsorbent.  
1.4.2.1 Activated Carbon Sorbents 
Activated carbon injection method is one of the most common mercury remediation 
processes present in coal-fired power plants. Mercury removal by AC technology 
involves physical and chemical adsorption mechanisms. The exploitation of activated 
carbon having high surface area can enhance the physical adsorption of mercury. 
Activated carbon sorbents can also adsorb other pollutants in flue gas, such as SO2, 
arsenic and other volatile trace metals [73]. 
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 Several studies have shown that raw activated carbon was efficient for reducing 
mercury emissions from bituminous coal burning units [74]. It was proposed that the 
activated carbon has Lewis basic sites which can bond with adsorbed mercury, thereby 
forming oxidised mercury (Hg2+). Further, the impregnation of activated carbon with 
elements such as chlorine, bromine, iodine, and sulfur also promotes mercury removal 
[75]. The addition of the aforementioned elements can increase the active sites of 
activated-carbon; thereby enhancing the mercury removal performance. Hutson et al. 
reported that chlorinated AC and brominated activated carbon showed higher mercury 
removal performance than virgin AC [75]. They found that mercury is binding on carbon 
at the chlorinated and brominated sites, and proposed that mercury capture by 
modified AC is achieved by surface oxidation of elemental mercury with subsequent 
binding on the surface. Zeng et al. described that a significant increase in Hg0 adsorption 
by impregnating ZnCl2 onto activated carbon from their fixed-bed tests, and proposed 
that chlorine (Cl)-contained functional groups may contribute to the chemisorption of 
Hg0 [46]. In addition, Ghorishi et al. demonstrated efficient Hg0 adsorption of a Cl-
impregnated activated carbon in their entrained-flow system [76]. 
There are some disadvantages with the use of activated carbon sorbents for mercury 
removal at temperatures above 523 K. These include as the destruction of pore 
structure and reduction of surface area of activated carbon, volatization of sorbed 
mercury, and the volatization of chemical promoters. Moreover, a very high ratio of 
carbon to mercury (10,000–100,000:1 on a weight basis) is required to achieve > 90% 
removal efficiency for mercury. The required high ratio is due to mass transfer 
limitations and limited mercury adsorption capacity of carbon. Consequently, the cost 
for using activated carbon injection is in the range of $1000–$3000/ton of Hg [77] and 
production of activated carbons contributes to a large fraction of this overall cost [78]. 
Although sorbent technology is very useful for the reduction of mercury emissions, the 
contamination of fly ash by activated carbon sorbents also make the ash useless. 
1.4.2.2 Non-carbon sorbents 
Non-carbon sorbents have also been investigated as potential materials for removing 
Hg from flue gases. The most widely studied materials are zeolite based materials [78-
80]. 
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Typically zeolites are hydrated aluminosilicates which are part of a family of minerals 
known as tectosilicates. Various zeolites have been tested for mercury removal to 
determine their ability as sorbents. Liu et al. tested Montmorillonite-supported CuCl2 
(CuCl2/Mon) as a mercury sorbent at 413 K in a synthetic flue gas containing 9 ppbv Hg0, 
12 % CO2, 500 ppmv SO2, 3 % O2, 200 ppmv NO, 7 % H2O and the balance N2. It was found 
that CuCl2/Mon exhibited a good mercury oxidation and adsorption performances of 
74 % and 11 %, respectively, in a 1-hour experiment [78]. The advantages of using 
zeolites compared with carbon-based sorbents are their thermal tolerance towards 
acidic environments their ability to be regenerated, which reduces the sorbent cost. 
Furthermore, calcium-based sorbents were also tested for Hg0 adsorption at lower 
temperatures (< 373 K). Ghorishi et al. examined three types of Ca-based sorbents, 
namely, hydrated lime (Calcium hydroxide), a mixture of fly ash and hydrated lime 
(advanced silicate—Advacate), and a modified Advacate in a packed bed bench-scale 
study under simulated flue gas conditions for coal-fired utilities [81]. The results are 
compared with the lignite-coal-based activated carbon. The Ca-based sorbents showed 
reasonable removal of Hg0 (~40 %) in the absence of SO2. However, in the presence of 
SO2, Hg0 capture was decreased for the three Ca-based sorbents. 
1.4.3 Electrostatic precipitators and fabric filters 
Electrostatic precipitators (ESP) and fabric filters (FF) are one of the most common 
particulate matter (PM) control devices in coal-fired power plants. They are capable of 
removing mercury to some extent, although most of them were not designed with this 
purpose. They are commonly employed in power plants to separate particulate matter 
from dusty gases. The interaction of gaseous Hg with PM causes small amounts of 
mercury to be adsorbed on the surface and captured by PM control devices. 
ESPs are designed to reduce fly ash emissions by creating an ionized field that removes 
charged particles. Although ESP have low operating costs, they have limited capacity to 
remove mercury because it is not generally adsorbed on the fly ash at combustion 
temperatures [81]. Nevertheless, some studies suggest that when mercury is oxidized, it 
can be easily captured by conventional ESPs [83]. ESPs are generally categorized into 
two devices such as cold-side ESP (CS-ESP) and hot-side ESP (HS-ESP). However, the 
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amount of Hg captured by this technology is greater for bituminous coal than for either 
subbituminous coal or lignite. For example, the average capture of Hg in plants 
equipped with a CS-ESP is 36 % for bituminous coal, 3 % for subbituminous coal, and 
0 % for lignite [84].  
Bag houses are also designed to limit fly ash emissions. Bag-house technology involves 
passing the gas through a tightly woven fabric capturing particulates on the fabric by 
sieving. The ash collected on the filter can enhance the mercury removal. The fabric 
filter provides a relatively long residence time of several minutes compared to an 
electrostatic precipitator (ESP), which may only have 2-3 seconds of only in-flight 
exposure.  
1.4.4 Flue gas desulfurization 
In coal-fired power plants, the primary goal of the flue gas desulfurization (FGD) 
systems is to achieve more than 90 % SO2 capture. A typical FGD process is shown in 
Figure 1.8. Depending on the sulfur content burned in coal-fired flue gas, plants may be 
equipped with dry or wet FGD systems. Although FGD systems are built for sulfur 
removal, wet FGD systems are capable of capturing the water-soluble form of Hg, i.e., 
Hg2+, as a co-benefit [85, 86]. It has been estimated that up to approximately 90 % of 
Hg2+ can be removed by calcium-based wet FGD systems [87]. 
 
 
 
 
 
 
Figure 1.8  The FGD process in coal-fired power plants. 
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The major reactions involving in the Hg FGD process are as follows. 
HgCl2(aq) + SO32–(aq) + H2O(aq) ↔ Hg0(g) + SO42–(aq) + 2Cl–(aq) + 2H+(aq)    (1.8) 
Hg0(g) + 2Cl(ads) ↔ HgCl2(g)                    (1.9) 
HgCl2(g) ↔ HgCl2(aq)                    (1.10) 
Whilst investigating enhancing the mercury-removal performance of wet FGD systems, 
investigators have discovered that a portion of absorbed oxidized mercury will be 
reduced to elemental mercury (Hg0) in wet FGD system and eventually released back 
into the flue gas stream [88], thus significantly limiting the total mercury removal 
efficiency. This process is proposed to involve the formation of the unstable 
intermediate, HgSO3, which rapidly decomposes to aqueous Hg0, which is eventually 
reemitted to the gas phase.  
1.5 Elemental Mercury (Hg0) Oxidation 
A variety of potential Hg0 oxidation catalysts have been tested under experimental 
conditions ranging from laboratory-scale packed beds using simulated flue gas to full-
scale plant tests. Hg0 oxidation catalysts can be employed in coal-fired power plants in 
two ways.  
(i) The conventional SCR catalysts are installed upstream of a flue gas desulfurization 
scrubber. However, the SCR catalysts are susceptible to corrosion at higher 
temperatures as well as SO2 poisoning. Due to these disadvantages, current research is 
focussing on metal oxides due to their resistant to other flue gas constitutes and their 
relatively cheap price. 
 
(ii) The oxidation catalysts can be installed upstream of an FGD and perform in a 
similar manner to SCR catalyst, where the flue gas temperature is approximately 423 K 
[50]. The lower temperature favours Hg0 adsorption, and may therefore lead to more 
efficient mercury oxidation. Thus, oxidation catalysts are being investigated for as a 
commercially viable technique to remove Hg0 from coal-fired power plants.  
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1.5.1  Noble-metal based catalysts 
Noble metals such as Pd, Ag, Rh, Ir, and Pt are well-known Hg0 oxidation catalysts due to 
their promising features such as better adsorption, regeneration potentials, and good 
stability at higher temperatures [56, 89].  
Furthermore, in order to improve the surface area of the catalysts for Hg0 oxidation, the 
noble metals were impregnated on various supports such as, titania, alumina, zirconia, 
and zeolite [44]. The role of support is to enhance dispersion of active components, 
thereby maximizing the contact area between adsorbents and flue gas components. For 
example, a mass loading of 1 wt% of Pd on Al2O3 exhibit oxidation efficiency within the 
range of 50–80 % [90]. Ir/Al2O3 catalyst also effective for Hg0 oxidation, exhibits more 
than 70 % of Hg0 oxidation efficiency [91]. 
Au based catalysts also found effective for Hg pollution control applications in recent 
years due to its strong adsorption with mercury by amalgamation process [90, 92, 93]. 
In the study by Lim et al., adsorbed Hg0 on the Au catalyst reacts with Cl2 or HCl, thereby 
formation of HgCl2 [94]. 
Although, the noble metal-based catalysts investigated for Hg0 oxidation reactions, the 
scarcity and high cost limit their use in industries. Thus, there is an urgent need to 
replace noble metal based catalysts with non-noble metal catalysts for Hg0 oxidation 
reactions.  
1.5.2  Transition metal oxide catalysts 
In recent years, metal oxides appear to be promising candidates as non-noble metal 
catalysts due to their much lower cost, high catalytic activity towards catalytic oxidation 
reactions and higher temperature stability relative to noble metal based catalysts [95-
97]. Various metal oxide catalysts have been investigated for Hg0 oxidation reactions 
and some of them are summarized in Table 1.1. These metal oxides have been primarily 
studied as effective catalytic systems for Hg0 removal at laboratory scale under different 
flue gas conditions.  
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Table 1.1: Elemental mercury (Hg0) oxidation on different supported metal oxide 
catlysts. 
Catalysts Synthesis method T (K) Hg0 
oxidation
/removal 
% 
Ref. 
MnOx/TiO2 deposition-precipitation 323-523 90-95 [98] 
MnOx/Al2O3 impregnation 350-700 >90 [99] 
MnOx-CeO2/TiO2 Ultra-sound 
impregnation 
423-523 >90 [100] 
CeO2-TiO2 impregnation 393-673 40-95 [101] 
CeO2/γ-Al2O3 thermal decomposition 423-723 33-90 [102] 
CeO2/HZSM5 Impregnation method <573 >92 [103] 
MnOx-CeO2/Al2O3 Sol-gel 373-523 >80 [104] 
nano-CuO commercial 363-573 20-96 [105] 
CuCl2/TiO2 impregnation 623 60-100 [106] 
FeCl3/zeolite impregnation 393 80-90 [107] 
Nano-Fe2O3 hydrothermal 573 >40 [108] 
Fe2O3/SiO2 Sol-gel 353-723 >75 [109] 
V2O5/TiO2 impregnation 523-673 >90 [72] 
V2O5-WO3/TiO2 impregnation 473-573 >90 [110] 
MnOx/graphene hydrothermal method 423 >90 [111] 
V2O5-CeO2/TiO2 Ultra-sound 
impregnation 
523-573 >80 [112] 
WO3-CeO2/TiO2 impregnation 373-773 >95 [113] 
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To date, lots of research involving transition metal oxides such as CuO, Cu2O, MnOx, 
Fe2O3, TiO2, VOx/TiO2, and Co/TiO2 have been extensively investigated for the catalytic 
Hg0 oxidation reaction (Hg0 → Hg2+) [41, 114]. Among various metal oxides, TiO2 
combined with other metal oxides have been studied extensively for Hg0 removal 
processes because of its interesting properties such as strong transition metal-support 
interaction, and high oxygen uptake [72].  
 
Arena et al. reported that the Hg0 oxidation activity of a V2O5 catalyst was significantly 
enhanced, when combined with TiO2 at an operating temperature of 673 K [115]. 
Moreover, they observed that an increase in mercury oxidation was observed as the 
TiO2 content increased up to 18 wt%. The increase in temperature was also influenced 
mercury oxidation over these TiO2 based catalysts. Kamata et al. reported that the Hg0 
conversion efficiency obtained using Cr2O3/TiO2, CuO/TiO2, Fe2O3/TiO2 nanocomposites 
increased with temperature over the range 523‒623 K [72].  
 
Further, Pitoniak et al. prepared a highly porous silica (SiO2) with the combination of 
TiO2 to investigate the adsorption and photocatalytic oxidation of Hg0 in the fixed 
catalytic bed system under different flue gas conditions at 723 K [116]. They found that 
the mercury deposited as HgO with a capacity of 1512 µg per g of catalytic materials. 
Hence, the material acted like a sorbent rather than catalyst due to high surface area of 
silica support. 
 
Cobalt-based catalysts also showed influence on Hg0 oxidation [117]. The activity of 
CoO/TiO2 catalysts was affected by the percentage of Co loading and the reaction 
temperature. As the Co content increased from 2.5 to 7.5 wt%, the Hg0 oxidation was 
increased to 80 %.  It was also reported that Co3O4-based catalysts exhibit good catalytic 
performances and thermal stability in the absence of HCl. Furthermore, the oxidation 
activities decreased sharply when the temperature exceeded 603 K or below 393 K, 
which might be due to the inhibition of Hg0 adsorption at high temperature and the low 
reaction rate at low temperature, respectively. 
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Manganese oxides have also been studied extensively for Hg0 oxidation reactions. 
Manganese oxides are interesting materials due to their abundant availability, eco-
friendly nature and low cost. The Hg0 oxidation efficiency over MnOx/alumina and 
modified MnOx/alumina catalysts have been reported to be greater than 90%. Mn4+ 
containing oxides have been identified as the most active among the various manganese 
oxides [1]. Ji et al. also reported on a MnOx/TiO2 catalyst with high Hg0 oxidation and 
high Hg0 adsorption capacity (17.4 mg Hg0 g–1 catalyst) at elevated temperatures of 523 
K. The observed elemental mercury capacities were much higher than the capacities of 
commercially available activated carbons. Ji et al. proposed that Hg0 oxidation over Mn-
based catalysts could be explained by a Mars-Massen mechanism because HgO was 
found in the spent catalyst and lattice oxygen participated during the reaction [113]. 
 
Kong et al. investigated Hg0 oxidation performances of nano-Fe2O3 in a fixed bed reactor 
arrangement at operating temperatures of 348–573 K [108]. The Hg0 oxidation activity 
was increased as the Fe2O3 particle sizes decreases. Further, the Fe2O3 nanoparticles 
exhibit better performances at lower temperatures and activity decreases as the 
reaction temperature increased to 673 K. The decrease of Hg0 oxidation performance 
was attributed to sintering particles at higher temperatures. In order to improve 
performance of nano-Fe2O3, nano-sized Fe2O3–SiO2 composites have been synthesized 
by Tan et al. and used for elemental mercury removal under simulated flue gas. The 
Fe2O3–SiO2 catalyst with loading value of 10 % showed the best performance at 623 K. 
 
Moreover, the combination of Mn- and Fe- oxides were also used for Hg0 removal tests. 
Yang et al. synthesized nanosized Mn-Fe spinel (Fe2.2Mn0.8O4) by coprecipitation 
method [118]. The as-prepared materials show superior performance and it was 
attributed to higher Mn content in the sample. However, the sorption capacity was 
reduced in the presence of SO2. The same group prepared Ti incorporated Mn-Fe spinel 
to improve its performance towards Hg0 capture in presence of SO2 [119].  The 
incorporation of Ti improved the SO2 poisoning resistance of Mn–Fe spinel for 
elemental mercury capture. In particular, (Fe2Ti0.5Mn0.5)1−δO4 showed an excellent 
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capacity (>4.2 mg g−1) for elemental mercury capture in the presence of a high 
concentration of SO2 at an operating temperature of 423 K. 
1.6 Proposed mechanisms for Hg0 oxidation in coal-fired flue gases 
The major advantage of oxidation catalysts is that they can be combined with 
conventional technologies that already exist in most coal fired power plants to remove 
Hg0. As discussed previously, when mercury is converted from Hg0 to Hg2+ in a coal fired 
power plants, the Hg2+ bearing species generated are usually HgO and/or HgCl2, which 
can be easily removed by alkaline solution in FGD process. The oxidation of Hg0 to Hg2+ 
followed by the ESP and/or wet scrubbing processes is a promising method for mercury 
removal. However, in a real flue gas, the fraction of oxidized mercury ranges from 
nearly 0 to 100 %, depending upon a number of factors, including coal type, 
temperature, and flue gas constituents. Thus understanding the mercury oxidation 
mechanisms that occur on various different types of catalysts is of tremendous 
importance. Mechanisms such as the Deacon process, Langmuir-Hinshelwood 
mechanism, Eley-Rideal mechanism, and Mars-Maessen mechanism, have been used to 
explain the heterogeneous Hg0 oxidation. 
1.6.1  Deacon reaction 
The catalytic oxidation of elemental mercury to oxidised mercury by HCl typically 
assumes the reaction between Hg0 and HCl or Cl2 in the flue gas which are derived from 
the chlorinated compounds found within coal [1]. According to Deacon reaction, the HCl 
in the flue gas could be catalytically converted to active chlorine atom (Cl) or chlorine 
molecule (Cl2) on the catalyst surface [120]. The formation of chlorine is reversible and 
exothermic. The reaction takes place at about 623 to 723 K in the presence of copper, 
chromium, vanadium and ruthenium based catalysts [121]. Further, the activated 
chlorine atom reacts with adsorbed mercury, which thereby enhances the oxidation of 
Hg0 as described by: 
4HCl(g) + O2(g) ↔ 2Cl2(g) + 2H2O(g)  ∆H= -28.4 kJ/mol HCl    (1.11) 
Hg0(ads) + 2Cl → HgCl2(g)         (1.12) 
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In the presence of an appropriate catalyst, the Deacon process could convert the large 
concentrations of HCl in flue gas to Cl2, which can be useful for enhancing mercury 
oxidation. However, the equilibrium concentration of Cl2 is only ~1% of the HCl 
concentration. A modelling study by Niksa and Fujiwara et al., the gas phase reactions 
between Hg0 and Cl2 is not responsible for enhanced mercury oxidation [122]. 
Therefore other mechanisms might be responsible for extent of mercury oxidation. 
1.6.2  Langmuir-Hinshelwood mechanism 
A bimolecular reaction between two adsorbed species can be explained by Langmuir-
Hinshelwood mechanism [51]. According to this mechanism, the adsorbed mercury 
reacts with the co-adsorbed oxidant species on the catalysts surface. For example, if the 
oxidant specie is hydrochloric acid, this oxidation mechanism is likely to occur between 
adsorbed Cl ions and Hg0.  
The proposed steps involved in this mechanism are explained as follows 
Hg0(g) ↔ Hg0(ads)            (1.13) 
HCl(g) ↔ HCl(ads)            (1.14) 
Hg0(ads) + 2HCl(ads) ↔ HgCl2(ads)          (1.15) 
HgCl2(ads) ↔ HgCl2(g)           (1.16) 
According to above reactions, the Langmuir-Hinshelwood mechanism is plausible for 
catalyzing HgCl2 formation in the presence of catalysts that can adsorb both Hg0 and 
HCl. Apart from HCl oxidant, there are also other oxidants such as SO2 and NO2 could 
exist in the flue gas. They can also inhibit or enhance mercury oxidation. Granite and 
Pennline observed deposition of mercuric oxide and HgSO4 during photochemical 
oxidation of mercury in the absence of HCl [123]. Schofield proposed a mechanism for 
the oxidation of Hg0 to HgSO4 [124]. Dunham et al. proposed and NO2 can react on a 
carbon surface to form mercuric nitrate (Hg(NO3)2) [125]. 
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1.6.3  Eley-Rideal mechanism 
Eley-Rideal mechanism explains that the gas phase or weakly adsorbed elemental 
mercury could react with the adsorbed oxidant species, mostly HCl, then oxidised 
mercury can be formed. The reactions involved in this mechanism are as follows: 
Hg0(g) ↔ Hg0(ads)            (1.17) 
Hg0(ads) + 2HCl(g) → HgCl2(g)          (1.18) 
Niksa et al. asserted that while HCl adsorbs to SCR catalysts such as V2O5 surfaces, Hg0 
does not (or weakly adsorbed) on the catalyst surface. The aforementioned researchers 
propose that mercury oxidation occurs via an Eley-Rideal mechanism, where adsorbed 
HCl reacts with gas-phase (or weakly adsorbed) Hg0 [51]. Interestingly, the reaction 
between Hg0 and H2S was in a similar manner, in which active sulphur reacts with gas 
phase Hg0 to form stable HgS [126]. The possible reactions are proposed as follows. 
H2S + O* → S(ads) + H2O           (1.19) 
S(ads) + Hg → HgS            (1.20) 
1.6.4  Mars-Maessen mechanism 
Granite et al. proposed that catalytic Hg oxidation by metal oxides occurs via a Mars-
Maessen mechanism, which involves adsorbed Hg0 reacting with a lattice oxidant 
(either O or Cl) that is then replenished from the gas phase. The Mars-Maessen 
mechanism has been widely used for illustrating Hg0 oxidation process on metal oxides 
[106, 118, 127]. The followed reactions show the Mars-Maessen mechanism for the 
reaction of an adsorbed species (for example, Hg0) with lattice oxygen. The Mars-
Maessen mechanism can be confirmed by the observation of mercury oxidation in the 
absence of gas-phase oxygen or chlorine, respectively 
Hg0(g) ↔ Hg0(ads)            (1.21) 
Hg0(ads) + MxOy → HgO(ads) + MxOy‒1        (1.22) 
MxOy‒1 + 1/2O2 → MxOy          (1.23) 
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HgO(ads) → HgO(g)           (1.24) 
HgO(ads) + MxOy → HgMxOy+1         (1.25) 
Liu et al. proposed that the Hg0 oxidation product on Co/TiO2 in the absence of O2 is an 
Hg2O–CoOx oxide [117]. According to their experimental observations this oxidation 
product reacts with gaseous HCl, forming Hg0 and volatile HgCl2 which are released 
from the catalyst surface. 
1.7 Effect of Flue Gas Constituents on Hg0 Oxidation 
Mercury removal not only depends on coal type and its composition, but also can be 
influenced by some parameters such as temperature and inlet flue gas components. 
Several authors reported that the mercury oxidation is highly dependent on the 
compositions of the flue gases, especially the concentrations of acidic and basic gases 
which include SO2, SO3, NH3, NOx, O2, HCl and Cl2 [41]. 
The speciation of mercury completely depends upon the composition of flue gas. 
However, the effects of flue gas components on Hg0 oxidation are much more 
complicated in heterogeneous systems than in homogeneous system. The typical 
composition of flue gas is illustrated in Table 1.2. 
1.7.1  Hydrogen chloride (HCl) 
The chlorinated compounds such as HCl, and/or Cl2 are the most dominant species for 
mercury oxidation since the most oxidised mercury species are HgCl2 in coal-fired flue 
gas [30]. Many studies suggested that HCl plays an important role in Hg0 oxidation [128, 
129]. It has been well reported that HCl significantly improved mercury oxidation 
efficiencies over various SCR catalysts. 
He et al. reported analysed effect of HCl on the Hg0 oxidation across V2O5‒TiO2 or 
V2O5/SiO2 SCR catalysts [97]. The results indicated that the monomeric vanadyl sites on 
the catalyst surface were found to be responsible for the adsorption of Hg0 and HCl, 
which meant that they were active for Hg0 oxidation. Liu et al. suggested the HCl 
adsorption on different sites of V2O5 (001) surface and compared between HCl and Hg 
Chapter 1    Introduction and literature overview 
 
Page | 26  
 
sites [130]. The results showed that Hg0 adsorption on the V2O5 surface is stronger than 
that of HCl.  
Table 1.2: The concentrations of flue gas components in coal-fired flue gas [34, 131, 
132]. 
Gas components Concentration 
O2 2-4% 
H2O 5-6 % 
CO2 15-16 % 
Hydrocarbons 10 ppm 
CO 10-100 ppm 
HCl 1-100 ppm 
SO2 100-2000 ppm 
SO3 10-40 ppm 
NOx 100-1000 ppm 
N2 balance 
 
Kim et al. reported that varying HCl concentration enhanced mercury  oxidation 
efficiency over CuCl2/TiO2 catalysts [106]. The effect of HCl concentration on mercury 
oxidation efficiency is shown in Figure 1.9. Kamata et al. also tested mercury oxidation 
performances in presence of HCl over different metal oxides [133]. It was found that 
CuO catalysts exhibited superior mercury oxidation performance due to the formation 
of Cu2Cl(OH)2 in the presence of HCl. Further, the mercury oxidation was increased with 
HCl concentration. However, the increase in mercury oxidation is limited because of 
constant active sites present on the catalyst surface. 
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Figure 1.9  Effect of HCl concentration on the oxidation of elemental mercury to 
oxidized mercury under oxidation condition; gas flow rate = 2 L/min, reaction 
temperature = 623 K, [O2] = 3%, [Hg] = 50 μg/m3, [HCl] = 0–50 ppm, [N2] balance [106]. 
Various mechanisms proposed for mercury oxidation over metal oxides in the presence 
of HCl. Senior et al. has suggested two mechanisms for mercury oxidation over V2O5-
based SCR catalysts [57]. Firstly, the Hg0 and HCl species adsorbed on the catalyst 
followed by reaction between them. The other mechanism proposed involves the HCl 
adsorbing to the V2O5 active sites, and then reacting with gaseous mercury. Kamata et 
al. also reported that the V2O5/TiO2 based SCR catalyst was found to oxidize Hg0 to Hg2+ 
[96]. Because the Hg0 oxidation activity of the V2O5 catalyst was greatly improved by the 
presence of hydrochloric acid, the reaction is considered to proceed by the following 
Equation: 
Hg0(g) + 2HCl(g) + 1/2O2(g) → HgCl2(g) + H2O(g)       (1.26) 
1.7.2  Oxygen (O2) 
The presence of O2 in the flue gas has been investigated in several studies. To obtain 
higher Hg0 oxidation efficiency, the presence of O2 is necessary, especially for metal 
oxide catalysts [43]. Li et al. reported that the presence of 4% O2 increased mercury 
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oxidation to 27.4 % over a CeO2‒TiO2 catalyst [101]. However, when the O2 
concentration was increased from 4 to 20 %, no further enhancement in mercury 
oxidation was observed.  
There are two major ways that O2 is proposed to influence catalytic oxidation of Hg0. 
Firstly, gas phase O2 can regenerate lattice oxygen, which is needed to form the 
oxychloride species that can oxidize Hg0 on catalyst surface. Gao et al. reported that the 
presence of O2 and HCl influence on mercury oxidation over different compositions of 
flue gas on V2O5-WO3/TiO2 catalyst and the results are shown in Figure 1.10 [134].  
 
 
 
 
 
 
 
 
 
Figure 1.10  Effect of individual flue gas component on Hg0 oxidation and capture 
on V2O5-WO3/TiO2 at 623 K [134]. 
 
The presence of O2 in the flue gas stream can also effect of other gases such as HCl, SO2, 
and NO on mercury oxidation. Some researchers reported that the diatomic and 
molecular forms of the halogens become stable according to the Deacon type of 
reactions [135]. The conversion of HCl to Cl2 in presence of O2 is described as follows 
4HCl + O2 ↔ 2H2O + 2Cl2          (1.27) 
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1.7.3  Influence of other flue gas species 
Gases such as SO2, NOx, H2O, and NH3 have also been shown to influence catalytic 
oxidation of Hg in the flue gas. SO2 and NOx have been reported to both enhance and/or 
inhibit mercury oxidation, where the influence depends on the interaction with other 
flue gas components [132, 136, 137]. H2O and NH3 have been reported to inhibit 
mercury oxidation [55, 138]. 
The effect of SO2 on mercury removal in the absence of other species is negative. Cao et 
al. observed that Hg0 oxidation decreased when the SO2 concentration in the flue gas 
was increased [139]. Li et al. reported that no Hg0 oxidation was observed on CeO2-TiO2 
catalyst in gas flow containing 400 or 1200 ppm SO2 balanced in N2 [100]. The 
interaction of SO2 with other gases has however been shown to enhance mercury 
oxidation by a large extent [140, 141]. It may be due to the competition between Hg0 
and SO2 for active sites on the catalyst surface. Interestingly, in the presence of O2, the 
mercury oxidation efficiency was increased. This indicates that SO2 has a promotional 
effect on Hg0 oxidation with the aid of O2.The positive effect may be due to the oxidation 
of SO2 to SO3 by chemisorbed oxygen, which constituted new chemisorption sites for 
Hg0 and could react with Hg0 to produce HgSO4. The reaction process is as follows 
SO2(g) + 1/2O2(g) → SO3(g)          (1.28) 
Hg0(g) + 1/2O2(g) + SO3(g) → HgSO4        (1.29) 
The presence NOx also plays an important role in Hg0 oxidation. In SCR catalyst systems, 
the presence of NOx can enhance mercury oxidation because chemisorption of NOx 
creates active sites for Hg0 adsorption on a SCR catalyst. Li et al. investigated mercury 
oxidation and adsorption performances over SiO2−TiO2−V2O5 SCR catalysts at 623 K  in 
simulated low-rank coal combustion flue gas [30]. They reported that NO enhanced 
mercury oxidation with the addition of 100 and 300 ppm NO. The Hg0 oxidation 
efficiency increased by ∼15.4% and ∼26.2% for the respective NO concentrations. It 
was reported that NOx can be adsorbed on vanadia based catalysts in a molecular form, 
giving rise to active species such as NO+, NO2+, and NO2 for Hg0 oxidation. 
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A large number of studies have found that the presence of NH3 and H2O inhibit mercury 
oxidation. The inhibition of Hg0 oxidation may be explained by the competitive 
adsorption of NH3 [142]. Madsen et al. suggested that the oxidised mercury can be 
reduced back to Hg0 by NH3 as follows [121]. 
HgCl2 + NH3 + 1/2O2 → Hg0 + 2HCl + 1/2N2 + ½ H2O      (1.30) 
In addition to this effect, the deNOx reaction may also cause a reduction of Hg2+ [60]. 
The decrease in Hg0 oxidation may be attributed to the reaction between intermediates 
and NO in the SCR process. The sum reaction involving DeNOx and mercury could be 
formulated as: 
6NO + 6NH3 + 3HgCl → 6N2 + 3Hg(g) + 6H2O        (1.31) 
1.8 Rationale for Selecting CeO2 for Hg0 Oxidation 
Although, different metal oxides showed excellent catalytic performance for Hg0 
conversion at higher temperatures, they were less active at lower temperatures (< 423 
K) with the presence of other flue gas components such as SO2, NOx, and NH3 adding a 
significantly negative effect on Hg0 conversion [143]. Further, there is a possibility of 
deactivation when the catalyst is exposed to high concentration of particulate matter 
(PM) in SCR installed power plants at high temperatures (623 K) [144]. Therefore, it is 
very important to develop a material with high catalytic activity at low temperatures 
(423‒523 K). 
It is well-known that CeO2 has been extensively studied in SCR process for reduction of 
NOx [145-147]. During this process, the catalysts can also oxidize Hg0 and this co-benefit 
of Hg0 removal is very important in mercury control technologies. The use of ceria in the 
domain of environmental catalysis is due to its superior chemical and physical stability, 
and a large number of oxygen vacancies (involving facile Ce4+/Ce3+ redox chemistry) 
and their mobility, which are the main characteristic features of the fluorite-type oxides 
[148]. Based on this scenario, CeO2 has been widely studying as one of the catalyst 
components for Hg0 oxidation [143, 149, 150]. The significant Hg0 → Hg2+ conversion 
activity of CeO2-based catalysts may be due to the high oxygen storage capacity of CeO2 
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and unique redox couple Ce3+/Ce4+ with the ability to shift between CeO2 and Ce2O3 
under oxidizing and reducing conditions, respectively [44, 102, 126, 151]. 
 Various authors have studied the oxidation of Hg0 by using different ceria-based 
catalysts and found that the ceria based materials exhibited different oxidation 
performances under simulated flue gas conditions. It is believed that the redox shift 
between Ce3+ and Ce4+ can generate more surface oxygen vacancies with relatively high 
mobility, which are very active for catalytic Hg0 oxidation process. Li et al. investigated 
the catalytic properties of the CeO2/TiO2 system in HCl, NO, and SO2 containing 
simulated flue gases [101]. A fairly high CeO2/TiO2 mass ratio of 1.5 considerably 
improved oxidation efficiency. Oxidation activity increased with rising temperatures 
from 393 to 523 K, and then decreased at higher temperatures up to 673 K. 
 
Moreover, Li et al. investigated the Hg0 oxidation activity of TiO2 supported Mn–Ce 
mixed oxides under simulated low-rank coal combustion flue gas [143]. The oxidation 
activity increased with temperature from 393 to 523 K, and then dramatically 
decreased when the temperature reached 573 K. It was noticed that the formation of 
oxygen vacancies because of superior oxygen storage capacity (OSC) are of importance 
in combustion systems and should be considered during further development of this 
catalyst system. He et al. described that CeO2/TiO2 modified with MnOx improved 
mercury oxidation performance and they found that the incorporation of titanium into 
the cubic lattice of ceria leads to the formation of more lattice oxygen atoms, leading to 
greater formation of Hg2+ on the CeO2‒TiO2 support [152]. The reactions involved in the 
mercury oxidation process are illustrated as follows. 
CeO2 ↔ Ce2O3 + O (lattice)          (1.32) 
Hg + O (lattice) → HgO          (1.33) 
 
1.9 Cerium dioxide (CeO2): Structure and Properties 
Cerium (Ce) is one of the important rare earth elements, which constitutes 0.0064 wt % 
(64 ppm) of the earth’s crust [153]. It is rated as 25th most abundant element in the 
earth crust and also it is second and most reactive element of the lanthanide series in 
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the periodic table. The electronic configuration of cerium is [Xe] 4f26s2 and it has two 
different oxidation states such as Ce4+ and Ce3+. Cerium is a malleable iron-grey metal, 
which can be easily oxidised in air [154]. At certain temperature and pressure conditions, 
cerium can react with oxygen and form a range of intermediate oxides between CeO2 and 
Ce2O3 [155]. 
Cerium dioxide is one of the important rare earth metal oxides and it is a technologically 
important material with remarkable properties used in number of applications such as 
solid oxide fuel cells (SOFCs), three way catalysis (TWCs), oxygen sensors, glass-
polishing, ceramics, and ultraviolet absorbent [156-158]. The major benefit stems from 
its ability to take and release oxygen under oxidizing and reducing conditions, 
respectively. The cause of this effect is a continuous ongoing transformation between 
the oxygen-rich CeO2 (Ce4+) and the oxygen-poor Ce2O3 (Ce3+) depending on the 
external oxygen concentration. 
CeO2 crystallizes in the fluorite type crystal structure with space group Fm3m over the 
temperature range from room temperature to the melting point (2673 K) [156, 159]. It 
is pale yellow in colour probably due to charge transfer from O2‒ to Ce4+. The CeO2 
fluorite structure consists of a face-centered cubic (f.c.c.) unit cell of cations with anions 
occupying the octahedral interstitial sites [160]. In the fluorite structure (shown 
schematically in Figure 1.11), each cerium cation is coordinated by eight nearest 
neighbor oxygen anions, while each oxygen anion is coordinated by four nearest 
neighbor cerium cations.  
The lattice parameter of pure ceria unit cell is 5.4110 Å [161-164]. The structure can be 
viewed as a ccp array of cerium cations, with oxygen anions occupying in the 
tetrahedral sites. Powdered ceria is slightly hygroscopic and will also absorb a small 
amount of carbon dioxide from the atmosphere. In perfect ceria the oxygen ions have a 
formal charge of -2, whereas the cerium ions have a formal charge of +4. Few important 
properties are summarized in Table 1.3. 
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Figure 1.11 The unit cell of CeO2. (The black spheres are Ce and the white spheres are 
O) [165]. 
 
Table 1.3:  A summary of the properties of ceria. 
Property Value 
Lattice parameter 5.411 Å 
Molar mass 172.12 g mole-1 
Density 7.22 g cm-3 
Appearance Pale yellow solid 
Melting point 2400 °C 
Boiling point 3500 °C 
Specific heat 460 J Kg-1 K-1 
Solubility Insoluble in water 
Crystal structure Cubic (Fluorite) 
Thermal conductivity 12 m-1 K-1 
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1.9.1  Defect chemistry of CeO2 
Pure ceria is influenced by various factors such as change in temperature, oxygen partial 
pressure as well as the presence of dopants. These changes in conditions can introduce 
defects in the crystal structure without actually altering the fluorite nature of the crystal 
structure. The nonstoichiometric ceria (CeO2-x) can exhibit several defects such as oxygen 
vacancy (V0), cerium vacancy (Ce0), oxygen interstitial (Oi), cerium interstitial (Cei), as 
well as Frenkel and Schottky defects [166]. The observed defects can be categorized 
into two defects such as intrinsic defects and extrinsic defects. The various possible 
point defects in ceria are schematically shown in Figure 1.12. 
 
 
 
 
 
 
 
 
 
Figure 1.12  Schematic of possible point defects in ceria. 
Intrinsic defects can be introduced in the ceria lattice due to thermal vibrations. There 
are two types of intrinsic defects, namely Frenkel and Schottky disorders. The former 
one is a result of displacement of atom from its lattice site to an interstitial site, forming 
a defect pair of vacancy-interstitial. On the other hand, the latter occurs when vacancies 
are created in the lattice in a stoichiometric ratio, in which cation and anion vacancies 
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occur simultaneously, thereby electro neutrality is conserved at thermal equilibrium. 
The following Equations represent these types of defects that occur in CeO2. 
        
      
      
        (1.34) 
  
     
      
   (1.35) 
    
     
         
     (1.36) 
Where Equation 1.34 represents a Schottky defect; Equations 1.35 and 1.36 represent 
Frenkel anion and cation defects, respectively. 
Extrinsic defects can be occurred in two ways, either substitution of Ce atoms with 
other atoms or exchange reactions with gas phase of the environment [167, 168]. These 
defects become very important when a foreign atom having valance more or less than 
Ce4+. For example when CeO2 is doped with oxides of metals with lower valances 
(M2O3), excess anion (oxide) vacancies are introduced in the ceria crystal structure and 
the corresponding Equation can be written as  
          
     
      
     
      
        (1.37) 
When the ceria reacts with gaseous environment, the oxygen vacancies can also be 
introduced in the lattice. This is the most important defect, in which an oxygen ion can 
be removed from one of the lattice positions in the fluorite structure, thereby creating a 
vacant site. Various theoretical studies like density functional theories (DFT) also show 
that the structural distortions in the ceria lattice is significant to stabilize the oxygen 
vacancy by transforming its oxidation state (Ce4+ ↔ Ce3+) [169, 170]. Further, the 
structural disorder can enhance the oxygen transportation or oxygen ionic conductivity. 
The oxygen vacancy defect formation can be represented by the following Equation, 
which is known as Kroger-Vink notation. 
  
       
     
        
   
 
 
    
(1.38) 
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In Equation 1.38,  
 
 and     
  are the O2‒ ion on oxygen lattice site and Ce4+ on cerium 
lattice site in fluorite structure, respectively.   
  
 is doubly charge oxygen vacancy formed 
on the oxygen lattice site.     
  is Ce3+ on the cerium lattice site. The neutral oxygen 
vacancy leaves two excess electrons, which can be localized onto two of the four 
adjacent Ce sites. Once the free electrons are captured by two Ce4+ lattice sites, there is a 
changing Ce valence from Ce4+ to Ce3+.  
1.9.2  Oxygen storage capacity  
The unique properties such as oxygen storage capacity (OSC) and redox behaviour of 
CeO2 make it as an interesting material in various applications. The OSC can be defined 
as the capability to store and release oxygen, which allows transformation between Ce4+ 
and Ce3+ in the stable fluorite structure. 
CeO2 ↔ CeO2‒x + 1/2O2          (1.39) 
Ce4+ ↔ Ce3+            (1.40) 
According to Equation (1.39), the oxygen storage is generally considered as the amount 
of oxygen released or stored under the reducing and oxidizing conditions, respectively. 
The ability of ceria to provide or abstract oxygen at the catalytic site is probably a better 
description of this OSC functionality.  
 
1.10  Significance of Doped Ceria 
Although ceria has its inherent properties such as oxygen storage capacity and chemical 
stability, it still needs some modifications to improve its catalytic performance. The 
reducibility/OSC of ceria in ceria-based catalysts is influenced by many factors such as 
surface area, nature and distribution of dopant, oxygen vacancies, bulk oxygen mobility 
and so on [171-174]. 
Among various modifications, the doping approach could lead to change in the 
physicochemical properties, which enhance its catalytic activity and other properties. 
The combination of two metals in an oxide can lead to novel structural and electronic 
properties of the final oxide, consequently determining its catalytic activity and 
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selectivity. In some cases, cations in a mixed oxide can also cooperatively catalyse 
different steps of a chemical process. In contrast, non-typical coordination modes of 
lattice host leading to deviation in dopant chemical nature may also be possible. As a 
result, metal-metal or metal-oxygen-metal interactions in mixed metal oxides lead to 
perturbed electronic states compared to single metal oxides. The host lattice of ceria is 
compatible with a wide range of rare-earth and transition-metal ion substitutions, and 
easily forms solid solutions. A solid solution is a homogeneous mixture of two or more 
kinds of atoms (metals) in the solid state. Replacement of cerium ions by cations of 
different size and/or charge modifies ionic mobility inside the lattice resulting in the 
formation of a defective fluorite structured solid solutions.  
 
Such modifications in the structure of ceria confer new properties to the catalysts, such 
as better resistance to sintering and high catalytic activity. For instance, the 
introduction of smaller isovalent non-reducible cations like Zr4+ and Hf4+ into the ceria 
lattice enhances the OSC by creating intrinsic oxygen vacancies thereby increasing the 
oxygen mobility by facilitating the Ce3+/Ce4+ redox process [175, 176]. Further, it is well 
acknowledged in the literature that transition metals (Mn and Fe) or lanthanide 
elements (Pr, Tb, La, etc) doped CeO2 materials showed low temperature redox 
properties and the high thermal stability [156]. 
 
1.11  Metal Dopants Selected in the Study 
Amongst the various dopants, manganese (Mn), iron (Fe), zirconium (Zr), lanthanum 
(La), praseodymium (Pr), and samarium (Sm) are suitable for making solid solutions 
with ceria. Trivalent ions lower the energy barrier for oxygen ion migration through the 
lattice by creation of the oxygen vacancies at the expense of charge neutralization by 
means of vacancy compensation mechanism. The vacancies created in the anion 
sublattice by the presence of M3+ favour the reduction of Ce4+ cations. To address the 
above mentioned points and particularly to investigate the role of various dopant ions 
(Mn3+, Fe3+, Zr4+, La3+, Pr3+, and Sm3+) in modifying the catalytic activities for mercury 
removal, synthesis and characterization of a various ceria-based solid solutions have 
been described and correlated the characterization results with the activity studies. 
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1.12  Specific Aims and Scope of Thesis 
The emission of the various pollutants from the exhaust gases of the different energy 
sources leads to a serious atmospheric pollution and in turn, climate change. Among 
various issues, the emission of mercury from anthropogenic sources is a serious 
concern in both developed and developing countries. Coal-fired utilities are the main 
source of mercury emission from anthropogenic activities. The rising levels of Hg have 
caused public concern because it is associated with serious neurological and 
developmental effects in humans. The available existing conventional technologies are 
electrostatic precipitator, cold and hot fabric filters and flue gas desulfurization 
techniques. Although they are effective for mercury capture, they still suffer from major 
disadvantages such as low efficiency, complex operation, and high energy consumption. 
The cost of mercury abatement can be significantly reduced by combining catalytic 
oxidation of elemental mercury with particle controllers or flue gas desulfurization 
(FGD). The oxidised forms such as HgO and HgCl2 have lower volatility; thus they can be 
easily adsorbed by particles in ESPs and FFs. Particularly, HgCl2 is more soluble in 
water, which can be removed by alkaline solution. Thus, catalytic oxidation of Hg0 from 
the anthropogenic sources like coal-fired utilities requires the development of a new 
devices/technology that can abate the mercury pollution.  
 
In recent years, ceria has been widely applied in Hg0 oxidation catalyst because of its 
unique oxygen storage property. However, the catalytic activity and thermal stability of 
pure ceria is limited. Many researches indicate that doping other element into ceria can 
greatly improve the Hg0 oxidation performance. Therefore, the wide attention has been 
paid to study how to further improve the Hg0 oxidation activity of ceria-based catalyst. 
Moreover, many researchers although have studied factors such as different flue gas 
conditions which influence the elemental mercury oxidation efficiency of the ceria-
based catalysts, the key factor which primarily influences the catalyst activity is still 
ambiguous.  
 
Therefore, the main objective of the present research is that the catalytic oxidation of 
gaseous elemental mercury (Hg0) oxidation and adsorption over various CeO2-based 
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catalysts for different gas compositions and low operating temperatures. To meet the 
target of this research, several stages of research have been done with specific 
objectives as listed below. 
  
 To synthesize different transition and rare earth metal doped CeO2 catalysts by co-
precipitation method. 
 To enhance the Hg0 removal (oxidation and adsorption) efficiency over as-
prepared different ceria-based catalysts in a laboratory setup under simulated flue 
gas conditions. 
 To demonstrate the effects of catalyst composition on Hg0 oxidation. 
 To study the effect of flue gas components such as HCl, O2, and NH3 on Hg0 
oxidation over the best developed catalysts. 
 To know the mechanisms involved in Hg0 removal process over the best 
developed doped CeO2 catalyst. 
 
1.13  Thesis Outline 
The outline of this thesis work is described over 6 Chapters, as follows: 
In this Chapter (Chapter 1), a thorough literature survey on mercury pollution and how 
it impacts human health and the environment has been presented. The mechanisms 
involved in mercury removal process were discussed with respect to treating flue gas 
streams from the coal-fired power plants (largest anthropogenic source of Hg in the 
environment). The rationale for the approach undertaken to develop ceria-based 
catalysts for mercury removal were also discussed. Importance of transition metal 
oxides and ceria-based catalysts has been discussed at length in this Chapter. The main 
objectives and the scope of the present investigation were also clearly outlined. 
In Chapter 2, a short survey of techniques used in this research for the characterization 
of the materials is provided. The characterization methods used in this thesis include: 
Powder X-ray diffraction (XRD), Inductively coupled plasma-optical emission 
spectrometry (ICP-OES), Brunauer‒Emmett‒Teller (BET) surface area, UV-visible 
diffuse reflectance spectrometry (UV-vis DRS), Transmission and high resolution 
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electron microscopy (TEM-HRTEM), Raman Spectroscopy (Raman), X-ray 
Photoelectron Spectroscopy (XPS), Temperature programmed reduction by hydrogen 
(H2-TPR), Inductively coupled plasma mass spectrometry (ICP-MS), and Cold vapour-
Atomic fluorescence spectroscopy (CV-AFS). These techniques have been used to 
determine crystal structure, porosity, morphology, composition, and the chemical 
nature of the catalysts. 
In Chapter 3, the catalytic behaviour of the developed CeO2–based catalysts, namely, 
Ce1-xTMxO2-δ (TM = Mn, Fe, and Zr) and Ce1-xRExO2-δ (RE = Pr, La, and Sm) are screened 
for the removal of Hg0 by both chemical sorption and catalytic oxidation (Hg0 → Hg2+). 
The investigated catalysts were synthesized by coprecipitation method and 
characterized by means of various techniques. XRD and TEM measurements established 
nanocrystalline nature of the solid solutions. The Raman spectral measurements 
suggested that the substitution process promotes the formation of oxygen vacancies, 
which hastens the diffusion rate of oxygen and improves the Hg0 oxidation. UV-vis DRS 
studies demonstrated the presence of ligand to metal charge transfer transitions O2– → 
Ce3+ and O2– → Ce4+, respectively. The XPS and H2–TPR results suggested that the 
reduction of Ce4+ → Ce3+ is the foremost reason to enhance oxygen vacancies, which are 
beneficial for Hg0 removal. The Hg0 oxidation efficiencies order over various doped 
ceria catalysts is as follows: Ce0.7Mn0.3O2–δ (44.38 %) > Ce0.2La0.2O2–δ (43 %) > 
Ce0.75Zr0.25O2–δ (40.02 %) > Ce0.8Fe0.2O2–δ (28.79 %) > Ce0.8Sm0.2O2–δ (10.93 %) > CeO2 
(10.56 %) > Ce0.8Pr0.2O2–δ (6.17 %). 
In Chapter 4, the best developed Ce0.7Mn0.3O2–δ catalyst was further tested in detail 
towards elemental mercury (Hg0) oxidation and the achieved results are compared with 
those obtained by pure CeO2 and MnOx. The XRD and TEM results confirmed the 
incorporation of Mn ions into the ceria lattice and the formation of nanostructured solid 
solution, respectively. The Raman and TPR results showed that Ce0.7Mn0.3O2–δ catalyst 
exhibits more oxygen vacancies with superior redox ability over CeO2 and MnOx. XPS 
analysis indicates that Ce and Mn existed in multiple oxidation states. Compared to pure 
CeO2 and MnOx, the Ce0.7Mn0.3O2–δ catalyst exhibited more Hg0 oxidation efficiency (Eoxi) 
of 11.7, 33.5, and 89.6 % in the presence of HCl, O2, and HCl/O2-mix conditions, 
respectively. The results clearly indicated that the HCl/O2-mix had a promotional effect 
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on the catalytic Hg0 oxidation. This was most likely due to the presence of surface 
oxygen species and oxygen vacancies, which were generated due to synergetic effect 
between CeO2 and MnOx.  
Chapter 5 explores the benefits of introducing Fe as a codopant into Ce0.7Mn0.3O2–δ 
catalyst. The Ce0.7–xMn0.3FexO2–δ was synthesised with different amount of Fe ranging 
from 5, 10, 15, to 20 % and the performance of each catalyst was tested towards Hg0 
sorption and catalytic oxidation process. The XRD results suggest that the Fe dopant 
cation is effectively incorporated into the Ce0.7Mn0.3O2–δ catalyst. BET surface area 
results suggest that the addition of Fe dopants into Ce0.7Mn0.3O2–δ catalyst significantly 
reduces its crystallite size, and thereby improved the surface area. Raman, H2–TPR, and 
XPS results reveal that the Mn3+ and/or Fe3+ dopant cations in the ceria lattice increased 
the concentration of structural oxygen vacancies and the reducibility of the redox pair 
Ce4+/Ce3+, when compared to Ce0.7Mn0.3O2–δ catalyst. The Hg0 oxidation and adsorption 
studies indicate that Ce0.7–xMn0.3FexO2–δ catalysts exhibited highest activity compared to 
pure CeO2 and Ce0.7Mn0.3O2–δ. In particular, the 20 % Fe doping into Ce0.7Mn0.3O2–δ 
catalyst shows Hg0 removal of more than 95 % through sorption. 
Chapter 6 provides the summary of the research undertaken in this PhD candidature as 
well as scope for any future work that could be carried out in this area. 
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CHAPTER 2 
Experimental Section 
 
 
This Chapter provides the experimental procedures and the techniques employed in 
this work. The details pertaining to the preparative methodologies employed to obtain 
the ceria-based catalysts are presented with appropriate references in this Chapter. The 
experimental details related to various characterization techniques are given with 
necessary theoretical background, and finally the Hg0 removal experimental setup and 
analysis of mercury are clearly outlined. The techniques discussed in this Chapter were 
used through this research program to obtain the data and results presented in the 
remaining Chapters of this thesis 
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2.1  Catalyst Preparation 
2.1.1  Synthesis of Ce1-xMxO2-δ (M = Mn, Fe, Zr, La, Pr, and Sm) catalysts 
Various transition and rare earth metals doped ceria catalysts, Ce1-xMxO2-δ (M = Mn, Fe, 
Zr, La, Pr, and Sm) were prepared by a co-precipitation method. This method is 
convenient and cost-effective to make ceria based catalysts, because it generates high 
yield and produces uniform particle size. The precursors used in this work were 
cerium(III) nitrate hexahydrate (Ce(NO3)3·6H2O, Aldrich, AR grade), rare earth nitrates 
hexahydrate (M(NO3)3·6H2O; M=La, Pr, and Sm, Aldrich, AR grade), zirconium oxynitrtae 
hydrate (ZrO(NO3)2·H2O, Aldrich, AR grade), manganese nitrate tetrahydrate 
(Mn(NO3)2·4H2O, Merck, AR grade), and iron nitrate nonahydrate (Fe(NO3)2·9H2O, 
Merck, AR grade). The amounts of Ce and M in every sample was calculated as atomic 
percentages (at.%) considering the moles of both cations. The M at.% calculation is 
presented in Eq. (2.1). The intended value of Fe, La, Pr, and Sm dopants is 20 %, 
whereas Mn and Zr are 30 % and 25 %, respectively. The required moles of precursors 
are given in Table 2.1. 
 
 
 
 
 
 
 
 
         
          
               
 
 
(2.1) 
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Table 2.1  The required moles of metal nitrate precursors for the preparation of pure 
CeO2 and Ce1-xMxO2–δ catalysts. 
 
 
 
 
 
 
 
 
 
 
In a typical synthesis, predetermined quantities of cerium nitrate were dissolved in 
distilled water to form a transparent solution. Afterwards, the required quantity 
(according to the moles as mentioned in Table 2.1) of the metal precursors of the 
desired dopants, namely, M(NO3)3·6H2O (M = La, Pr, and Sm), Fe(NO3)2·9H2O, 
ZrO(NO3)2·H2O, and Mn(NO3)2·4H2O precursors used in the synthesis. In order to 
prepare the desired Ce1-xMxO2-δ catalysts, the corresponding metal nitrate precursor 
solutions were mixed with the cerium nitrate precursor solution under vigorous 
stirring. Subsequently, 25 % (w/v) of dilute aqueous ammonia (NH3) was added slowly 
drop-wise to these mixture solutions, with vigorous stirring, until the precipitation was 
complete (pH~9). After, the precipitation mixture was stirred for 24 hours, followed by 
72 hours aging at room temperature. The obtained precursor precipitates were filtered 
off and washed several times thoroughly by using distilled water and ethanol to remove 
Catalyst Ce-nitrate (moles) M-nitrate (moles) 
CeO2 0.020 - 
Ce0.7Mn0.3O2– δ 0.014 0.006 
Ce0.8Fe0.2O2– δ 0.016 0.004 
Ce0.75Zr0.25O2– δ 0.015 0.005 
Ce0.8La0.2O2– δ 0.016 0.004 
Ce0.8Pr0.2O2– δ 0.016 0.004 
Ce0.8Sm0.2O2– δ 0.016 0.004 
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the impurities. The final product was oven dried at 383 K for 12 h, and finally calcined at 
773 K for 5 h. In addition, pure CeO2 was also prepared by adopting the same procedure 
and calcined at 773 K for 5 h. 
2.1.2  Synthesis of Fe doped Ce0.7Mn0.3O2– δ catalysts 
The Ce0.7–xMn0.3FexO2–δ (x= 0.05, 0.1, 0.15, and 0.2) solid solutions were prepared by a 
co-precipitation method using Ce(NO3)3.6H2O, Mn(NO3)2.4H2O, and Fe(NO3)2.9H2O 
precursors. The required moles of precursors are given in Table 2.2. 
Table 2.2  The required moles of metal nitrate precursors for the preparation of Ce0.7–
xMn0.3FexO2–δ catalysts.  
Final mixed oxide Ce-nitrate (moles) Mn-nitrate (moles) Fe-nitrate (moles) 
Ce0.7Mn0.3O2– δ 0.014 0.006 - 
Ce0.65Mn0.3Fe0.05O2– δ 0.013 0.006 0.001 
Ce0.60Mn0.3Fe0.1O2– δ 0.012 0.006 0.002 
Ce0.55Mn0.3Fe0.15O2– δ 0.011 0.006 0.003 
Ce0.5Mn0.3Fe0.2O2– δ 0.010 0.006 0.004 
 
In a typical procedure, predetermined quantities of precursors were dissolved 
separately in deionized water and mixed together. After, the aqueous NH3 (25 % w/v) 
was added drop-wise with vigorous stirring until the precipitation was complete (pH 
~9). The resulting product was filtered off, washed several times with deionized water, 
and oven dried at 383 K for 12 h. Finally, the catalysts were calcined at 773 K for 5 h in 
air atmosphere. For comparison, Ce0.7Mn0.3O2–δ and pure CeO2 were also prepared by 
the same method. The co-doped ceria catalysts composition includes Ce0.7Mn0.3O2–δ, 
Ce0.65Mn0.3Fe0.5O2–δ, Ce0.6Mn0.3Fe0.1O2–δ, Ce0.55Mn0.3Fe0.15O2–δ, and Ce0.5Mn0.3Fe0.2O2–δ and 
they are designated as CM, CMF5, CMF10, CMF15, and CMF20, respectively. 
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2.2  Characterization Techniques 
The primary objective of this section is to provide the theoretical description and 
principles of the microscopic and spectroscopic techniques used in the present work. 
Synthesis of these catalysts often resulted in the formation of particles with different 
sizes. The structure and properties of these catalysts depend on the particle sizes. Thus, 
the characterization of catalysts is pivotal to understand the structure and properties of 
the materials because these factors control the catalytic activities. Throughout this 
research program, various spectroscopic and microscopic techniques were employed, 
namely, X-ray diffraction (XRD), Brunauer-Emmett-Teller (BET) surface area, 
inductively coupled plasma-optical emission spectroscopy (ICP-OES), transmission and 
high resolution electron microscopy (TEM-HRTEM), Raman spectroscopy (RS), X-ray 
photoelectron spectroscopy (XPS), temperature programmed reduction by hydrogen 
(H2-TPR), and UV-Vis diffuse reflectance spectroscopy (UV-Vis DRS). These techniques 
were used to investigate the physicochemical properties of as-prepared ceria-based 
catalysts as well as selective spent catalysts. 
2.2.1  Powder X-ray diffraction (XRD) 
The unknown crystalline phases, crystal structure, and crystallite sizes of the 
synthesized catalysts can be identified by using X-ray diffraction (XRD) technique [1, 2]. 
X-rays are high energy photons that are produced when accelerated electrons fall on a 
metal target. The X-rays have wavelengths in the order of a few angstroms (1 Angstrom 
= 0.1 nm), which is a typical inter-atomic distance in crystalline solids, making X-rays 
appropriate for studying the diffraction of atoms of crystalline materials. When X-rays 
interact with crystalline solids, which consist of a regularly spaced three dimensional 
array of atoms, the X-ray is diffracted at specific angles as predicted by Bragg’s equation 
[3, 4]. 
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Figure 2.1  Illustration of Bragg’s law reflection [5]. 
 
Where, λ is the wavelength of the X-rays, d is the distance between two lattice planes in 
the crystalline phase, n is the order of the diffraction, and θ is the incoming diffraction 
angle.  
All the X-ray diffraction measurements were performed on a Rigaku Multiflex 
diffractometer equipped with a nickel-filtered Cu-Kα (1.5418 Å) radiation source and a 
scintillation counter detector. The diffraction patterns were recorded over a 2θ range of 
10–80° with a 0.021 step size and using a counting time of 1 s per point. The XRD 
phases present in the samples were identified with the help of the Powder Diffraction 
File from the International Centre for Diffraction Data (PDF-ICDD). 
           (2.2) 
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2.2.1.1 Crystallite size determination 
The average crystallite size (D) can be evaluated from the peak broadening of the 
diffraction pattern with the help of Debye-Scherrer equation [6]. The relation between 
line broadening and crystallite size for a stress free material is given by Scherrer’s 
formula: 
  
  
        
 
(2.3) 
 
Where, K is a constant that varies from 0.98 to 1.39, however, due to experimental 
uncertainties, the constant is often set equal to 1. The term  is diffraction line width 
(full width at half maxima, FWHM), which is expressed in radians in terms of 2θ angle, D 
is a volume average crystallite size, and λ is X-ray wavelength. 
2.2.1.2 Cell parameter estimation 
The cell parameter 'a' was calculated by a standard cubic indexation method using the 
intensity of the most prominent XRD lines (111) of as-prepared ceria-based catalysts [6, 
7]. In order to calculate the unit cell parameters, the cubic relationship of dhkl and the 
cell parameters was assumed for all the samples as per the equation given below:  
 
2.2.2  BET surface area and pore size distributions 
2.2.2.1 Specific surface area and BET method 
The specific surface areas of catalysts are determined by means of BET model, which is 
based on physical adsorption of a gas on the surface of the solid and by calculating the 
amount of adsorbate gas corresponding to a multi-layer on the surface. The amount of 
gas adsorbed can be measured by a volumetric or continuous flow procedure. The 
represented BET equation is as follows 
    
  
  
        
 
(2.4) 
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(2.5) 
 
Where P is partial vapour pressure, in Pascals, P0 is saturated vapour pressure, in 
Pascals, Va is volume of the adsorbed gas at the relative pressure P/P0, in millilitres, Vm 
is volume of gas adsorbed at STP to produce a monolayer on the sample surface, and C is 
BET constant. 
From above equation, it is clear that BET method sets up quantity relation between 
monolayer saturation adsorption amount Vm and multilayer adsorption amount. BET 
equation established in multilayer adsorption theory which is very close to many 
materials real adsorption processes, therefore, analysis data are more reliable. During 
analysis procedures, a plot of P/Va (P0˗P) versus relative pressure of P/P0 is a straight 
line with a slope of (C˗1)/(VmC) and intercept of 1/(VmC), respectively. Vm is calculated 
from the slope and intercept. Then, the specific surface area of the sample can be 
determined by the following equation. 
                               
        
    
 
(2.6) 
 
Where NA is Avagadro constant (6.023 X 1023 molecules mol−1), AM is the cross sectional 
area of adsorbate molecule, (For N2, AM=0.162 nm2 at 77 K), W is the weight of the 
sample and, V0 =22414 mL mol−1. 
 
In the present investigation, the specific surface areas of the samples were measured 
using N2 adsorption-desorption isotherms obtained from a Micromeritics (ASAP 2000) 
analyzer which was set at a liquid N2 temperature of 77 K. Conversely desorption 
isotherms are achieved by measuring gas removed as pressure is reduced. The shape of 
the isotherm depends on the porous texture of the measured sample. 
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2.2.2.2 Pore volumes and pore size distribution 
The pore size distribution can be calculated by using Barrett Joyner and Halenda (BJH) 
method from experimental isotherms using the Kelvin model of pore filling [8-10]. In a 
typical BJH calculation, the desorbed volume of the sample at different partial pressures 
will be converted to liquid volumes. Then, the Kelvin equation was used to calculate the 
value of the liquid volume in the capillary. According to equation, the smaller the pore 
radius, the lower the vapour pressure, P, in the pore, as defined by [11]: 
  
  
     
    
     
  
(2.7) 
 
where R is the ideal gas  constant, P1 and γ1 are the liquid density and surface tension  of 
nitrogen at absolute temperature T, PC is the pressure at which a pore of width H 
condenses,  and P0 is the saturation pressure of the bulk fluid. Throughtout this work, 
the pore size distribution and total pore volume of the samples were achieved 
Micromeritics (ASAP 2000) porosity analyzer. Before the experiment, the samples were 
degassed at 373 K for one hour and then at 543 K for overnight. 
2.2.3  Inductively couple plasma-optical emission spectroscopy (ICP-OES) 
The chemical composition of synthesized solid catalysts was determined by inductively 
coupled plasma-optical emission spectroscopy. Based on emission spectrophotometry, 
the technique uses inductively coupled plasma to produce excited atoms and ions that 
emit electromagnetic radiation at wavelengths characteristic of a particular element 
[12]. Generally, the higher the concentration of element leads to the high intensity of 
emitted radiation at the particular wavelength in the analysed sample [13]. Therefore, 
the elemental compositions of the given sample can be quantified by comparing relative 
to a reference standard. Further, the ICP-OES technique has various advantages such as 
good accuracy, low detection limits, and analysis of multi elements at the same time. 
In a typical ICP-OES process, the sample solution is converted into an aerosol and then 
pumped to the plasma chamber. Plasma is a mixture of highly ionized gas, which 
consists of electrons, ions, and neutral particles. This plasma has high electron density 
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and temperature (7000‒8000 K) and this energy is used in the excitation-emission of 
the sample [14]. The gas is usually Argon which is ionized by the influence of a strong 
electrical field either by a direct current or by radio frequency. Atoms are excited 
(ionized) by the intense heat of the plasma and the emission of a photon occurs via 
resonance fluorescence. In the current study, prior to ICP analysis, approximately 50 mg 
of the sample was dissolved in a solution of 25 ml aqua regia and 475 ml distilled water. 
Then 10 ml of the above solution was diluted to 250 ml before analysis. 
2.2.4  Transmission and high resolution electron microscopy (TEM-HRTEM) 
Transmission electron microscopy (TEM) was used to know the size and morphology of 
ceria particles at the nanoscale [15, 16]. A typical TEM imaging involves the following 
process, such as (i) the high energy electron beam transmitted through a thin sample, in 
which the beam is diffracted by a lattice of the crystalline material and propagated along 
different angles (ii) the diffracted electrons are focussed with electromagnetic lenses 
and the image will be observed on a fluorescent screen where (iii) the image is recorded 
on film or digital camera. The electrons used in the TEM operation are accelerated at 
200 kV, which can produce wavelengths much smaller than that of light. For instance, 
200 kV electrons have a wavelength of 0.025 Å. The conventional TEM uses only the 
transmitted beams to create a diffraction contrast image. On the other hand, the HRTEM 
uses the transmitted as well as the scattered beams to create an interference image. It is 
performed with axial illumination using an objective aperture, which allows several 
diffracted beams to be combined with the axial transmitted beam to form the image. 
The HREM images can be directly related with the atomic structure of the material [17, 
18]. From the captured images it is possible to obtain data on the shape and size of 
particles belonging to supports as well as active phases and to unravel how they are 
distributed with respect to each other. In the present work, TEM and HRTEM studies 
were carried out on a JEM-2010 (JEOL) instrument equipped with a slow-scan CCD 
camera and at an accelerating voltage of 200 kV. Samples for TEM analysis were 
prepared by crushing the materials in an agate mortar and dispersing them 
ultrasonically in ethyl alcohol. Afterward, a drop of the dilute suspension was placed on 
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a perforated-carbon-coated copper grid and allowed to dry by evaporation at ambient 
temperature. 
2.2.5  Raman spectroscopy (RS) 
Raman spectroscopy can be described as an inelastic light scattering process because it 
is based on the scattering of photons by molecules rather than on the absorption of 
photons [19-21].  
When a strong laser light source is passed through a substance, most of these photons 
will be scattered elastically. For the spontaneous Raman effect, the molecule will be 
excited from the ground state to a virtual energy state, and then relax back into a 
vibrational excited state. This process generates Stokes Raman scattering. The energy 
level diagram showing the states involved in Raman signal is shown in the Figure 2.2.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2  Jablonski Diagram Representing Quantum Energy Transitions for 
Rayleigh and Raman Scattering [22]. 
If the molecule was already in an excited vibrational energy state, the resultant Raman 
scattering is then called an anti-Stokes Raman scattering. The line thickness is roughly 
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proportional to the signal strength from the direct transitions [21]. Further, most 
Raman measurements are performed considering only the Stokes shifted light because 
the fact that most molecules will be found in the ground state at room temperature. As a 
result, there is a less chance that a photon will be Anti-Stokes scattered. 
Raman spectra of the fluorite type oxides are dominated by oxygen lattice vibrations, 
which are sensitive to the crystal symmetry, thus can provide additional structural 
information [21]. It can also discriminate between the different chemical states of the 
metal oxides because each state possesses a unique vibrational spectrum that is related 
to its structure. Therefore, Raman spectroscopy provides direct information about the 
structure of each state which can be cross-correlated with other techniques such as 
XRD, UV-vis DRS, and XPS. 
In the present investigation, the vis-RS were recorded with a LabRam HR spectrometer 
(Horiba Jobin-Yvon) equipped with a CCD detector. The emission line at 632.8 nm from 
an Ar+-Kr+ ion RM2018 laser was focused on the sample under the microscope, with the 
diameter of the analyzed spot being ~1m. The power of the incident beam on the 
sample was typically 0.5mW. The time of acquisition in both the cases was adjusted 
according to the intensity of the Raman scattering. The wave number values reported 
from the spectra are accurate to within 1 cm1. In order to ascertain the homogeneity of 
the samples, spectra were recorded at various points and compared.  
2.2.6  X-ray photoelectron spectroscopy (XPS) 
X-ray photoelectron spectroscopy (XPS Analysis), is a well-known surface technique, 
more popularly known as Electron Spectroscopy for Chemical Analysis (ESCA). It is now 
widely used as an analytical technique for investigating the chemical composition and 
oxidation state of elements present in the solid samples [23, 24]. As a surface analysis 
technique, the sample volume extends from the surface to a depth of approximately 50-
70 Å. The common X-ray sources for XPS are Al K-alpha (1486.6 eV) or Mg K-alpha 
(1253.6 eV).  
XPS technique works by irradiating a sample material with monoenergetic soft X-rays 
causing electrons to be ejected based on the photoelectric effect, which is outlined by 
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Einstein in 1905. The ejected electrons are detected by electron energy analyser as 
shown in Figure 2.3. Finally, the detector is used for detection of the electrons that 
passed through the analyser. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3  Photoelectron emissions by XPS technique [25]. 
 
The relation between kinetic energy of photo electron and work function is explained as 
follows 
 
KE = hv‒B.E.‒ɸspec             (2.8) 
 
where hv is the energy of the X-ray quantum,  E
B 
is the binding energy of the core level , 
and ɸspec is the work function of the sample. 
 
Figure 2.4 shows the excitation of a core level electrons from the 1s level with X-ray 
photons. With this interaction, not only electrons from primary ionization 
(photoelectrons) are detected, but also electrons from the Auger relaxation process 
(Auger electrons) can be detected. The energy which is associated with the electron 
leaving the surface of the material and travelling to the analyzer is called a work 
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function. As far as every chemical element has a characteristic XPS spectrum except 
hydrogen or helium, the chemical composition of a sample can be identified. A binding 
energy of a core-level electron depends also on surroundings of atoms. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4  Schematic photoelectron processes during XPS analysis [25]. 
In the present investigation, X-ray photoelectron spectroscopy (XPS) analysis was 
performed on a Thermo Scientific K-Alpha instrument (monochromatized Al-Kα 
radiation, photon energy of 1486.7 eV at vacuum better than 10-9 Torr). The sample 
charging effects were corrected by referencing the spectra to the carbon (C 1s) peak at 
285 eV. 
2.2.7  UV-Vis diffuse reflectance spectroscopy (UV-Vis DRS) 
The UV-Vis spectrometer can be used to determine the electronic transitions in the 
samples. Figure 2.5 shows the schematic diagram of the working principle of 
spectrometer. When a light interacts with the powdered crystalline sample surface, the 
light can be reflected in either specular reflection and/or diffuse reflection [27]. In 
specular reflectance, the light can be reflected from the surface with the same angle as 
that of incoming beam. In diffuse reflectance, the diffuse component can be absorbed 
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into the material and reappears at the surface after multiple scattering. The structural 
and chemical information are deduced by the reflected beam with multiple scatterings.  
 
 
 
 
 
 
 
 
Figure 2.5.  Schematic diagram of the working principle of UV-vis spectrometer 
[28]. 
The samples were diluted in a KBr matrix by pelletization. The spectra were obtained 
over the wavelength range  = 200-800 nm using a GBS-Cintra 10e UV-Vis NIR 
spectrophotometer with the integrating sphere diffuse reflectance attachment. The 
corresponding diluent (KBr) was used as baseline standard. The DRS spectra were 
processed with SPECTRAL 1.70 software, which calculated F(R) from the absorbance 
spectra.  
2.2.8  Temperature programmed reduction by hydrogen (H2-TPR) 
Temperature programmed reduction (TPR) of the catalysts was conducted to determine 
the kind of reducible species present in the catalyst and reveals the temperature at 
which the reduction occurs [29, 30]. The TPR method yields quantitative information of 
the reducibility of the oxide’s surface, as well as the heterogeneity of the reducible 
surface. In the present work, TPR analysis was carried out using an automated 
Micromeritics AutoChem II-2720 instrument equipped with a thermal conductivity 
detector (TCD). Approximately 30 mg of the sample was placed on the top of quartz 
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wool in a U-shaped quartz reactor (Inner diameter 5 mm). The sample was heated at a 
rate of 10 K min–1 to 473 K under a pure He atmosphere at a flow rate of 30 mL min–1 
for 30 min to clean the surface of the catalysts before TPR investigation. After cooling 
down to room temperature, introducing the reduction agent of 5 vol% H2/Ar with a 
flow rate of 20 mL min-1, the temperature was programmatically raised to 1073 K at a 
ramp of 5 K min–1, keeping all the parameters unchanged. The outlet of the reactor was 
connected to a cold trap to absorb the water molecules resulted by the reduction of the 
catalysts. 
2.3  Catalytic Activity Studies: Mercury Oxidation and Adsorption 
2.3.1  Mercury testing rig & sampling system  
The schematic of the reactor used for the vapor phase oxidation of Hg0 shown in Figure 
2.6. The reactor consists of temperature-controlled quartz reactor, mercury speciation 
trapping system, HCl vapour generator and Hg0 vapour generator.  
 
 
 
 
 
 
 
 
 
 
Figure 2.6   Schematic diagram of experimental set up. 
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Figure 2.7 shows the image of the experimental system, which is used for Hg0 removal 
studies. It contains reactor, impingers, and temperature controllers, and water chiller. 
 
Figure 2.7  Photographic images of the experimental setup. 
2.3.2  Simulated Flue gas composition 
The typical composition of a simulated flue gas mixture was 10 ppm HCl, 3% O2, 5% 
CO2, and 300 ppm NH3, and balanced with dry N2. In order to support the catalyst layer 
and avoid any loss, the reactor was loaded with a small portion of quartz wool before 
loading with the catalyst material. For each experiment, 400 mg of the prepared 
catalysts was loaded into the centre of the reactor bed and the reactor was gradually 
heated to reach the desired temperature (423 K).  
2.3.3  Hg0 generator 
A mercury permeation device (VICI, Metronics Inc.) was used as the Hg0 source that 
generated Hg0 vapour concentration of ~320 µg m–3. The permeation rate of mercury 
was designed as a function of temperature (40 °C). Dry N2 gas was used as the carrier 
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gas in order to deliver the permeated Hg0 vapor out of the generator. The flow rate of 
each individual flue gas was controlled to within ±1% by using mass flow controllers 
(John Morris Scientific). 
2.3.4  HCl vapour generator 
Hydrogen chloride vapour was generated using HCl permeation device (VICI, Metronics 
Inc.) which was placed inside an in-house built Teflon cell that was temperature 
controlled to 62 ± 0.1°C thus producing HCl concentration of 64 mg m‒3. Dry N2 gas was 
used as the carrier gas in order to deliver the permeated HCl vapor out of the generator. 
2.3.5  Mercury concentration analysis 
As part of the experiment, the catalyst was exposed to simulated flue gas for a period of 
16 h. The outlet gas stream was passed through a series of seven impingers to capture 
the outlet mercury as described in Figure 2.6. In this work, the arrangement of the traps 
was based on a variant of the Ontario Hydro Method (OHM), in which the flue gas is 
passed through an absorbing media (0.01 M KCl and 20 mg/L KMnO4 solutions) [31-33]. 
The first three KCl impinger solutions were used to capture the Hg2+, whereas next four 
KMnO4 containing impinger solutions were used to capture the un-oxidised elemental 
mercury vapour. The amount of mercury captured by catalyst, i.e. adsorbed mercury, 
was measured by acid-digestion method. In this digestion method, a known amount of 
catalyst was combined with aqua regia (1:3 Conc. HNO3 and HCl) and kept overnight at 
room temperature. This digestion process dissolves all adsorbed mercury, allowing the 
full mass balance in the experiments. Then, the samples of the absorbing media are 
quantitatively analyzed for their Hg contents using an inductively coupled plasma mass 
spectrometer (Agilent 7700 Series, ICP-MS) and atomic fluorescence spectrometer 
(AFS). 
The adsorbed mercury can also be considered as oxidised mercury (i.e. HgO). The total 
Hg is the sum of Hg0outlet, Hgoxi, Hgads, which is also equal to Hg0inlet (~61±2 ppbv in 16 h). 
To establish a baseline prior to conducting the catalysis experiment, the total inlet 
mercury (Hg0inlet) was determined by performing a calibration experiment without the 
presence of any catalyst in the system and the results are shown in Figure 2.8.  
Chapter 2    Experimental Section 
 
Page | 70  
 
 
 
 
 
 
 
 
 
Figure 2.8  Calibration experiments without catalyst. 
There are many methods for the determination of mercury in various samples 
including, potentiometry, flame and furnace atomic absorption spectrometry, cold 
vapour atomic absorption spectrometry, atomic fluorescence spectrometry, inductively 
coupled plasma atomic emission spectrometry, fluorimetry, X-ray fluorescence, and 
voltammetry. Since mercury must mainly be determined in the low level trace range 
(<100 ppb), historically cold vapour atomic absorption spectrometry has been the best 
option, however other techniques such as, ICP-MS have improved greatly over the last 
decades and are now the preferred choice due to its multi-element analysis capability 
and superior sensitivity which is relative free from other chemical interferences during 
the detection process. This technique was commercially introduced in 1983 and has 
gained general acceptance in many types of laboratories [34]. 
 
In this work, both ICP-MS and CV-AFS techniques used to determine the amount of 
mercury. Both techniques have produced the similar results.  
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2.3.5.1 Inductively coupled plasma-mass spectrometry (ICP-MS) 
After Hg0 sorption and oxidation reactions over the catalysts, the content of mercury 
(Hgads, Hgoxi, and Hg0) was determined by ICP-MS analysis,  
The ICP-MS instrument consists of high-temperature ICP instrument attached with a 
mass spectrometer. In a typical ICP-MS analysis, the ICP source is used to convert the 
atoms of the elements in the injected sample to ions. Then, the formation of ions from 
the source were separated and detected by the mass spectrometer. The advantage of 
ICP-MS analysis is that it provides high sensitivity that can compensate for the low 
degree of ionization and the low abundance of each Hg isotope. 
Figure 2.9 shows a clear representation of an ICP source in an ICP-MS. In a typical ICP-
MS analysis, Argon gas flows inside the concentric channels of the ICP torch. Here, the 
radio frequency (RF) load coil is connected to a radio-frequency (RF) generator. When 
power is supplied to coil from generator, the oscillated electric and magnetic fields are 
established at the end of torch. When argon gas flows through this torch, the argon 
atoms are ionized by releasing electron, thereby forming plasma. The generated plasma 
can have a temperature of around 6000-10000 K, which is an excellent ion source. 
 
 
Figure 2.9 The schematic presentation of ICP-MS (M+ signifies analyte ion). 
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Once the samples introduced into the ICP torch, it is completely desolvated and the 
elements in the aerosol are converted first into gaseous atoms (Hg0) and then ionized 
towards the end of the plasma. Once the ions are ionized, they are brought into the mass 
spectrometer via the interface cones. Here, the ions are separated by mass to charge 
ratio. Thereafter, the ions are detected or counted by a suitable detector. 
 
2.3.5.2 Cold Vapour Atomic Fluorescence Spectrometry (CV-AFS) 
Mercury content in solution phase was also analysed by atomic fluorescence 
spectrometry to confirm the experimental data obtained via ICP-MS analysis. 
Determination of mercury by this method employs by cold-vapour atomic fluorescence 
spectrometry (CV-AFS). AFS is based on absorption of radiation of specific wavelengths 
by sample to promote its electrons from its ground state to an excited state. From this 
excited state, the electron drops down to a lower electronic state by emitting a photon 
with a specific wavelength in the process. By measuring the intensity of the emitted 
light at particular frequencies, it is possible to determine the concentration of the 
element being measured. Mercury has a significant vapour pressure at room 
temperature and therefore it can be easily produced by reduction of the metal from its 
compounds with a suitable reductant (SnCl2)[35]. 
 
A schematic optical configuration of an AFS system along with continuous flow 
vapour/hydride generator for mercury analysis is shown in Figure 2.10.  
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Figure 2.10  Schematic diagram of an automated mercury fluorescence 
system. 
The reductant (SnCl2), blank (HCl) and sample solutions are delivered by variable-speed 
multichannel peristaltic pumps. An electronically controlled switching valve alternates 
between blank and sample solutions and two of the liquid streams (reductant and 
sample or reductant and blank) are butt-mixed in the sample valve, where the reaction 
between Hg2+ and SnCl2 starts to occur, thereby resulting elemental mercury. The 
streams and all gaseous products are continuously and rapidly pumped into a glass gas–
liquid separator, from which the gaseous products are carried, by argon gas through a 
dryer system, finally reaching the AFS detector. The KCl, KMnO4 and digestion samples 
were all tested using matrix specific standards which were derived from HgCl2 
standards. 
 
2.3.6  Hg0 removal efficiencies 
Based on the data obtained from mercury analysis instruments, the Hg0 removal 
performances were categorized into two definitions such as oxidation efficiency (Eoxi, 
%) and adsorption efficiency (Eads, %). The Eoxi is the amount of gaseous phase Hg (II) 
that exited the reactor and was captured in the KCl impinger) and Eads (the amount of 
Hg adsorbed to the catalytic material after the testing period). The Hg0 oxidation 
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efficiency (Eoxi) and the Hg0 adsorption efficiency (Eads) of each catalyst are determined 
by using the following equations: 
 
         
     
       
      
(2.9) 
         
     
       
      
(2.10) 
 
References 
[1]         G. Balakrishnan, C. M. Raghavan, C. Ghosh, R. Divakar, E. Mohandas, J. I. Song, S. I. 
Bae and T. Gyu Kim, Ceram. Int., 2013, 39, 8327-8333. 
[2] G. Perego, Catal. Today, 1998, 41, 251-259. 
[3] M. Tomita and T. G. M. Van De Ven, J. Colloid Interface Sci., 1984, 100, 112-115. 
[4] M. Fatemi, J. Cryst. Growth, 1999, 207, 188-199. 
[5] A. C. T. North and J. R. Helliwell, in Reference Module in Chem, Mol. Sci. Chem. Eng., 
Elsevier, 2013, DOI: http://dx.doi.org/10.1016/B978-0-12-409547-2.05261-6. 
[6] A. L. Patterson, Phys. Rev., 1939, 56, 978-982. 
[7] D.-J. Kim, J. Am. Ceram. Soc., 1989, 72, 1415-1421. 
[8] G. Wang, K. Wang and T. Ren, Int.  J. Min. Sci. Technology, 2014, 24, 329-334. 
[9] J. Villarroel-Rocha, D. Barrera and K. Sapag, Microporous Mesoporous Mater., 
2014, 200, 68-78. 
[10] T. Miyata, A. Endo, T. Ohmori, T. Akiya and M. Nakaiwa, J. Colloid Interface Sci., 
2003, 262, 116-125. 
[11] https://en.wikipedia.org/wiki/Kelvin_equation 
[12] M. M. Rahman, S. B. Khan, K. A. Alamry, H. M. Marwani and A. M. Asiri, Ceram. Int., 
2014, 40, 8445-8453. 
[13] J. W. Olesik, Anal. Chem., 1991, 63, 12A-21A. 
[14] H. Lindner, A. Murtazin, S. Groh, K. Niemax and A. Bogaerts, Anal. Chem., 2011, 83, 
9260-9266. 
Chapter 2    Experimental Section 
 
Page | 75  
 
[15] H. Idrissi, B. Amin-Ahmadi, B. Wang and D. Schryvers, physica status solidi (b), 
2014, 251, 1111-1124. 
[16] W. D. Pyrz and D. J. Buttrey, Langmuir, 2008, 24, 11350-11360. 
[17] C. López-Cartes, J. A. Pérez-Omil, J. M. Pintado, J. J. Calvino, Z. C. Kang and L. 
Eyring, Ultramicroscopy, 1999, 80, 19-39. 
[18] L. Kihlborg, M. Sundberg and Ö. Sävborg, Ultramicroscopy, 1985, 18, 191-196. 
[19] H. W. Schrötter, J. Mol. Struct., 2003, 661–662, 465-468. 
[20] I. E. Wachs, Catal. Today, 1996, 27, 437-455. 
[21] P. C. Stair, Curr. Opi. Solid State Mater. Sci., 2001, 5, 365-369. 
[22] P. K. MITRA, Charact. Mater., PHI Learning, 2013. 
[23] M. P. Seah, Vacuum, 1984, 34, 463-478. 
[24] A. Cimino, Mater. Chem. Phys., 1985, 13, 221-241. 
[25] D. Tonti and R. Zanoni, in Encyclopedia Electrochem. Power Sources, ed. J. Garche, 
Elsevier, Amsterdam, 2009, DOI: http://dx.doi.org/10.1016/B978-044452745-
5.00075-7, pp. 673-695. 
[26] J. Andrade, in Surface Interfacial Aspects Biomed. Polymers, ed. J. Andrade, 
Springer US, 1985, DOI: 10.1007/978-1-4684-8610-0_5, ch. 5, pp. 105-195. 
[27] L. Burcham, G. Deo, X. Gao and I. Wachs, Top. Catal., 2000, 11-12, 85-100. 
[28] https://en.wikipedia.org/wiki/Ultraviolet%E2%80%93visible_spectroscopy 
[29] W.-P. Dow, Y.-P. Wang and T.-J. Huang, Appl. Catal. A, 2000, 190, 25-34. 
[30] Y. Sheng, Y. Zhou, H. Lu, Z. Zhang and Y. Chen, Chin. J. Catal., 2013, 34, 567-577. 
[31] A. Fuente-Cuesta, M. Diaz-Somoano, M. A. Lopez-Anton and M. R. Martinez-
Tarazona, Fuel, 2014, 122, 218-222. 
[32] Fuel Energy Abstracts, 1999, 40, 205. 
[33] M. A. López-Antón, M. Díaz-Somoano, R. Ochoa-González and M. R. Martínez-
Tarazona, Int. J. Coal Geology, 2012, 94, 44-53. 
[34] T. Pettke, F. Oberli, A. Audétat, M. Guillong, A. C. Simon, J. J. Hanley and L. M. 
Klemm, Ore Geol. Rev., 2012, 44, 10-38. 
[35] J. Naozuka and C. S. Nomura, J. Anal. At. Spectrom., 2011, 26, 2257-2262. 
 
 
Page | 76  
 
CHAPTER 3 
Screening of Doped CeO2 Catalysts for 
Hg0 Oxidation 
 
In this chapter, transition (Mn, Fe, and Zr) and rare earth (La, Pr, and Sm) metal doped 
CeO2-based catalysts prepared by a co-precipitation method were screened for Hg0 
oxidation. The incorporation of dopants can modify the structural and surface 
properties of pure CeO2. In order to correlate the materials properties to the catalytic 
activity, the doped CeO2 catalysts were characterized by XRD, BET surface area, Raman, 
UV-Vis DRS, TEM, XPS, and H2-TPR techniques. In the screening process, all the doped 
CeO2 catalysts were tested for 2 hours for Hg0 oxidation under simulated HCl flue gas 
conditions. The catalytic activity results showed that the Mn doped CeO2 catalyst 
exhibited higher Hg0 oxidation efficiency compared to pure CeO2. The plausible 
mechanism involved in the Hg0 oxidation reaction under HCl gas conditions is also 
proposed in this chapter. 
 
Part of the work presented in this chapter has been published: 
 
D. Jampaiah, K. M. Tur, S. J. Ippolito, Y. M. Sabri, J. Tardio, S. K. Bhargava, B. M. Reddy 
Structural characterization and catalytic evaluation of transition and rare earth metal 
doped ceria-based solid solutions for elemental mercury oxidation RSC Advances 3 
(2013) 12963-12974 
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3.1 Introduction 
Various kinds of toxic air pollutants are released from power plants, boilers, and 
incinerators. Mitigation of these toxic pollutants has been receiving enormous scientific 
as well as regulatory interest due to human health hazards and environmental impacts 
associated with them. Among the industrial pollutants, mercury emitting processes 
poses severe environmental hazards and stay in the atmosphere for long periods due to 
their extreme volatility and stability [1-5]. Coal combustion is the largest anthropogenic 
source of mercury emissions in the world [6, 7]. Mercury in the flue gas of coal 
combustion is present in three forms: elemental mercury (Hg0), oxidized mercury 
(Hg2+), and particulate-bound mercury (Hgp). Hg2+ and Hgp are effectively captured by 
air pollution control devices (APCDs). However, Hg0 is very difficult to remove due to its 
physical properties such as high volatility, insoluble nature, and chemical stability over 
wide temperature range [8-11]. Hence, chemical technologies that can control the Hg0 
emission from coal fired power plants has received a lot of attention. 
Among the various mercury mitigation processes, the catalytic conversion of Hg0 to Hg2+ 
have attracted tremendous interest, because Hg2+ can be removed simultaneously with 
particulate matter (PM) and acid gases in the conventional APCDs [12–13]. Transition-
metal oxides including Fe2O3, CuO, V2O5, Mn2O3, TiO2, and RuO2 have been studied as 
potential Hg0 oxidation catalysts under different flue gas conditions [14]. In all those 
studies, HCl concentration in the flue gas is considered as one of the key factors to 
enhance Hg0 oxidation efficiency because majority of those studies demonstrated that 
HgCl2 as oxidized product [15‒17]. Various mechanisms such as Langmuir-
Hinshelwood mechanism, Eley–Rideal mechanism, and Mars-Maessen mechanism were 
proposed for the catalytic Hg0 oxidation; however, the exact mechanism is still not clear 
to date. Langmuir-Hinshelwood mechanism provided a better understanding of Hg0 
oxidation reaction when the simulated flue gas contains HCl gas. In this mechanism, it 
was proposed that Hg0 oxidation proceeds via the reaction between two adsorbed 
species (Hg and HCl) on the catalyst surface and forms the product HgCl2. This 
Chapter 3    Screening of ceria-based catalysts for Hg0 oxidation 
 
Page | 78  
 
mechanism proposed an alternative step, similar to the Deacon process in which HCl 
can be oxidized to Cl2 or Cl atom in presence of O2 atmosphere [8] and these adsorbed 
chlorine species subsequently react with the adsorbed mercury to form HgCl2. However, 
Cao et al. observed that presence of Cl2 didn’t enhance the Hg0 oxidation under real flue-
gas atmosphere [18]. Another major advantage of HCl in the flue gas is that it can 
significantly inhibit the Hg0 adsorption on vanadia (V2O5)-based catalysts in the absence 
of gas phase oxygen [19], which are used as Selective Catalytic Reduction (SCR) 
catalysts in coal fired power plants . Furthermore, the V2O5 based catalysts show lower 
oxidation performance in extremely adverse conditions, where the amount of oxygen 
present in the flue gas is too low. Therefore, to achieve higher Hg0 oxidation rates in 
oxygen deficient environments, a catalyst which can effectively oxidize Hg0 is required 
to having better oxygen storage behaviour and superior redox properties. Ceria is a 
well-known as oxidation catalyst with the tunable redox properties and oxygen storage 
capacity. In addition, CeO2 is abundant, nontoxic, and inexpensive catalyst material that  
emerges as an attractive candidate as compared to the transition metal oxide catalysts 
[1, 5]. 
 
Ceria (CeO2) has long been studied across a number of fields, most notably catalysis, 
material science, fuel cell processes, solar cells, UV blocks, polishing materials and gas 
sensor technologies [20, 21]. Mainly, the significance of ceria originates from its 
remarkable oxygen storage/release capability (OSC) and its ability to undergo rapid and 
repeatable redox cycles between CeO2 (Ce4+) and Ce2O3 (Ce3+) under oxidizing and 
reducing conditions, respectively [5]. Due to these features, it has also been investigated 
in Hg0 oxidation reactions [5, 11]. During the redox process, labile oxygen vacancies and 
induced bulk oxygen species could be generated and utilized for oxidation process as 
shown in the equation (3.1). 
 
2HCl + Hg0 + 2CeO2 ↔ HgCl2 + Ce2O3 + H2O                                  (3.1) 
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In the above reaction, HCl would probably be transformed to active chlorine species 
over CeO2 catalyst even in the absence of oxygen in the flue gas. However, pure ceria has 
poor textural properties such as high thermal stability as well as more prone to particle 
sintering that eventually reduce its surface area and OSC. Therefore, chemical 
modifications of ceria catalysts are necessary to combine its inherent OSC, redox 
properties with better textural properties to obtain better catalytic performance. 
 
It is widely known that doping ceria with other metal cations having valence lower or 
equal to Ce4+ ions modifies the structural properties of CeO2 crystalline structure [20-
22]. In many cases, the redox properties and catalytic activity of ceria were enhanced by 
introducing dopant cations into its oxide lattice. Various transition and rare earth metal 
ions such as Zr4+, Mn3+, Fe3+, La3+, Pr3+, and Sm3+ doped CeO2 have been investigated for 
variety of catalytic oxidation reactions such as CO oxidation, soot oxidation, and water-
gas shift reactions [23, 24]. The results have indicated that doped CeO2 catalysts have 
high OSC and improved redox behaviour, which was found to be responsible for their 
superior catalytic performance. Hence, doped ceria catalysts with improved textural 
and redox properties, can be the desirable catalysts for Hg0 oxidation reactions and 
have not been studied before. Therefore the conceptual development of modifying the 
ceria lattice with transition and rare earth metal dopants and their performance in 
improving Hg0 oxidation process under oxygen deficient conditions is the major focus of 
this chapter.  
 
In this chapter, synthesis of various transition metals (TM) and rare earth (RE) metals 
doped CeO2 catalysts and their applications in Hg0 oxidation are presented. The Ce1-
xTMxO2-δ (TM = Mn, Fe, and Zr) and Ce1-xRExO2-δ (RE = Pr, La, and Sm) solid solutions 
were prepared by a co-precipitation method (as described in section 2.1.1). The as-
prepared Ce.7Mn0.3O2-δ, Ce0.8Fe0.2O2-δ, Ce0.75Zr0.25O2-δ, Ce0.8La0.2O2-δ, Ce0.8Sm0.2O2-δ, and 
Ce0.8Pr0.2O2-δ catalysts were referred as CM, CF, CZ, CL, CS, and CP respectively. The 
catalysts were thoroughly investigated by using characterization techniques such as, 
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XRD, BET surface area, TEM, Raman, XPS, UV-vis DRS, and H2-TPR. Pure CeO2 was also 
prepared by the same precipitation procedure and characterized by the techniques 
mentioned above and used as reference catalyst to study the influence of doping. 
Subsequently it is shown that how structural, surface, and redox properties of doped 
ceria catalysts are correlated with the catalytic performance to elucidate the underlying 
mechanism of mercury oxidation. 
 
3.2  Results and Discussion 
3.2.1  ICP-OES analysis 
The molar ratios of Ce/M in the Ce1-xTMxO2-δ (TM = Mn, Fe, and Zr) and Ce1-xRExO2-δ (RE 
= Pr, La, and Sm) solid solutions were determined by ICP-OES analysis, and the chemical 
compositions of the catalysts are summarized in Table 3.1. As shown, the calculated 
chemical compositions of the prepared catalysts were close to those of initial precursor 
solutions. 
Table 3.1: The chemical compositions of elements of Ce0.7Mn0.3O2-δ (CM), Ce0.8Fe0.2O2-δ (CF), 
and Ce0.75Zr0.25O2-δ (CZ), Ce0.8La0.2O2-δ (CL), Ce0.8Sm0.2O2-δ (CS), and Ce0.8Pr0.2O2-δ (CP) 
catalysts. 
Catalyst Nominal values Actual values from ICP-
OES analysis 
Chemical 
formulae 
 Ce Mn Ce Mn  
CM 0.70 0.30 0.69 0.31 Ce0.69Mn0.31O2–δ 
CF 0.80 0.20 0.78 0.22 Ce0.78Fe0.22O2–δ 
CZ 0.75 0.25 0.73 0.27 Ce0.73Zr0.27O2–δ 
CL 0.80 0.20 0.79 0.21 Ce0.79La0.21O2–δ 
CP 0.80 0.20 0.78 0.22 Ce0.78Pr0.22O2–δ 
CS 0.80 0.20 0.78 0.22 Ce0.78Sm0.22O2–δ 
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3.2.2  BET surface area analysis 
Nitrogen adsorption/desorption isotherms were carried out to characterize the surface 
area of the synthesized catalysts. The specific BET surface areas of CeO2, transition 
metals (Mn, Fe, and Zr) doped CeO2, and rare earth metals (La, Pr, and Sm) doped CeO2 
catalysts are calculated and presented in Table 3.2. As can be seen from Table 3.2, the 
specific surface area of CeO2 catalyst was found to be 41 m2 g‒1. The surface area of all 
doped CeO2 catalysts was found to be slightly increased in the range of 58–84 m2 g‒1. 
This was probably due to the incorporation of dopant ions in the ceria lattice that 
generally reduce the particle size and increase the surface area. This fact could also be 
attributed to the higher thermal stability of the material afforded by the presence of the 
dopant cations, which avoids the nanoparticles sintering during the calcination step of 
773 K (as described in section 2.1).  
 
 
 
 
 
 
 
 
 
 
 
Table 3.2: BET surface areas of CeO2 (C), Ce0.7Mn0.3O2-δ (CM), Ce0.8Fe0.2O2-δ 
(CF), and Ce0.75Zr0.25O2 (CZ), Ce0.8La0.2O2-δ (CL), Ce0.8Sm0.2O2-δ (CS), and 
Ce0.8Pr0.2O2-δ (CP) catalysts. 
Catalyst BET surface area ( m2 g‒1) 
CeO2 41 
CM 58 
CF 69 
CZ 84 
CL 66 
CP 72 
CS 84 
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Therefore, it was concluded that the interaction between ceria and the dopant oxides 
suppresses the particle growth of solid solutions, making them relatively porous. The 
porous structure is very important for catalytic oxidation reactions. 
3.2.3  XRD analysis 
X-ray powder diffraction patterns of transition metal (Mnx+, Fe3+, and Zr4+) and rare 
earth metal (La3+, Pr3+, and Sm3+) ions doped ceria catalysts are illustrated in Figure 3.1. 
All diffraction patterns observed that were corresponding to the (111), (200), (220), 
(311), and (222) lattice planes, characteristic of a fluorite-type cubic structured ceria 
(JCPDS 34–0394) [21]. The enlarged diffraction patterns in the 2θ range from 26 to 32° 
are shown in Figure 3.1b and 3.1d. Figure 3.1b reveals interesting information that 
(111) plane diffraction peaks were shifted to higher Bragg angle side for transition 
metal (Mn3+; 0.58 Å, Fe3+; 0.55 Å, Zr4+; 0.84 Å) ions doped ceria catalysts. Conversely, 
Figure 3.1d shows that the (111) plane diffraction peaks were shifted to lower angle 
side for rare earth metal (La3+; 1.10 Å, Pr3+; 1.13 Å, Sm3+; 1.21 Å) ions doped ceria 
catalysts. The shifting of diffraction peaks can be attributed to the difference in the ionic 
radius of respective dopant ions in relation to ionic radius of Ce4+ (0.97 Å). 
 
The lattice parameter (a) and average crystallite size (D) values obtained from XRD 
analysis are summarized in Table 3.3. It can be observed from the values that there is a 
small decrease in the lattice parameter with transition metal cation substitution, and a 
slight enhancement with rare earth metal cation substitution, which is in agreement 
with the earlier studies [23]. These changes in the lattice parameter are expected to be 
due to the non-equivalent metal-oxygen bond lengths and close packing of different 
metal ions in the ceria lattice framework [24]. The average crystallite sizes (DXRD) 
estimated from the crystal plane (111) of CeO2 in all of the catalysts reveal that the 
crystallite size of CeO2 decreases with the doping of metal cations, and all of which were 
much smaller than that of pure CeO2 (8.92 nm). The XRD peaks were relatively broad 
with incorporation of dopants, which can also be supported by decrease in average 
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crystallite size of doped ceria.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1  (a and c) XRD patterns of CeO2 (C), Ce0.7Mn0.3O2-δ (CM), Ce0.8Fe0.2O2-δ 
(CF), and Ce0.75Zr0.25O2-δ (CZ), Ce0.8La0.2O2-δ (CL), Ce0.8Sm0.2O2-δ (CS), and Ce0.8Pr0.2O2-δ 
(CP) catalysts. (b and d) enlarged view of (111) lattice plane . 
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Furthermore, the decrease in average crystallite size of nanosized doped CeO2 could be 
attributed to surface energetic factors due to microstrain effects caused by the 
expansion or contraction of the lattice parameter caused by the presence of dopant 
cations (RE and TM) in the ceria structure [25]. The absence of characteristic dopant 
oxide peaks in the XRD patterns of various catalysts, and change in the lattice parameter 
in comparison to CeO2 confirm the formation of homogeneous solid solutions with the 
composition Ce0.7Mn0.3O2-δ (CM), Ce0.8Fe0.2O2-δ (CF), Ce0.75Zr0.25O2 (CZ), Ce0.8La0.2O2-δ 
(CL), Ce0.8Pr0.2O2-δ (CP), and Ce0.8Sm0.2O2-δ (CS), respectively, which were similar to the 
results that were shown in earlier investigations [21, 24, 26, 27]. The presence of a 
single-phase solid solution is always preferable while compared to non-homogeneous 
mixture of mixed oxides because of the improved redox and textural properties of the 
single phase doped ceria catalysts. 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
Table 3.3:  Average crystallite size (D), lattice parameter (a), d–
spacing values of CeO2 (C), Ce0.7Mn0.3O2-δ (CM), Ce0.8Fe0.2O2-δ (CF), and 
Ce0.75Zr0.25O2 (CZ), Ce0.8La0.2O2-δ (CL), Ce0.8Sm0.2O2-δ (CS), and Ce0.8Pr0.2O2-δ 
(CP) catalysts. 
Catalyst 
Crystallite size 
(nm) 
Lattice 
parameter (Å) 
d spacing ( Å) 
CeO2 8.92 5.41 3.12 
CM 7.92 5.35 3.09 
CF 8.55 5.34 3.08 
CZ 6.85 5.35 3.08 
CL 8.33 5.48 3.14 
CP 7.10 5.43 3.13 
CS 7.65 5.44 3.14 
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3.2.4  TEM analysis   
In order to ascertain the results obtained from XRD measurements as well as to 
investigate the effect of doping on the particle size, morphological and structural 
changes, TEM studies were performed. The representative TEM images of transition 
(Mn, Fe, and Zr) and rare earth (La, Pr, and Sm) metals doped ceria catalysts are shown 
in Figure 3.2.  
It could be seen from the figure that all catalysts exhibit nanocrystalline nature, which is 
evident from the ceria crystalline lattice images seen in the high resolution electron 
microscopic imaging . The crystallites were randomly oriented toward each other with 
an average particle size of 8 nm. Small particle size and narrow size distribution was 
related to fast nucleation and slow growth process, which controlled the particle size of 
the catalyst. These results are in good agreement with the average crystallite size values 
obtained from XRD (111) lattice plane broadening measurements (Table 3.3). 
Furthermore, the encircled areas in the micrographs of all samples display the higher 
magnification view of the particles ensemble and orientation of the crystallographic 
planes in the doped ceria catalysts. 
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Figure 3.2  TEM images of (a) Ce0.7Mn0.3O2-δ (CM), (b) Ce0.8Fe0.2O2-δ (CF), and (c) 
Ce0.75Zr0.25O2-δ (CZ), (d) Ce0.8Pr0.2O2-δ (CS), (e) Ce0.8Sm0.2O2-δ (CP), and (f) Ce0.8La0.2O2-δ 
(CL) catalysts. 
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3.2.5  Raman spectral analysis 
Raman spectroscopy is a good technique for the elucidation of structures of complex 
metal oxides present either as bulk phases or as two-dimensional supported phases. 
Therefore this technique has been successfully used to discriminate between different 
structures in oxides. The Raman spectra of various doped ceria catalysts are shown in 
Figure 3.3 that recorded at ambient conditions using an excitation laser (632 nm). 
Raman bands that correspond to the individual metal oxides (Mn2O3, Fe2O3, ZrO2, La2O3, 
Pr2O3, and Sm2O3) were not found in all the catalysts, which show that there was no 
phase separated formation of metal oxides. Similar to XRD results, the absence of 
Raman spectral peaks related to metal oxides indicates the formation of single phase 
Ce1-xMxO2– δ solid solutions. As shown in Figure 3.3, the pure CeO2 exhibit a sharp first-
order Raman peak at ∼465 cm–1 (υF2g, space group Fm3m) due to symmetrical 
breathing mode of oxygen atoms around the cerium ions in the Ce–O vibrational unit of 
8–fold coordination [26]. The observed weak band at ~600 cm–1 can be due to the non-
degenerate Raman Longitudinal Optical (LO) mode of the CeO2 lattice. The Raman 
spectra of all catalysts exhibited a strong F2g peak at ~460 cm–1, and a broad peak at 
~590 cm–1 (υO-vacancy) attributed to surface oxygen vacancies [27]. The introduction of 
the dopant metal cations into the fluorite structure of ceria resulted the partially 
deformed fluorite structure, which subsequently affect the oxygen breathing, and finally 
reduction in the F2g signal intensity [27, 28]. Additionally, the observed small systemic 
shift of band at ∼460 cm−1 to lower frequency can be attributed to lattice expansion and 
an increase of oxygen vacancies [25]. This also indicates that transition and rare earth 
metal ions were incorporated into the ceria lattice to form CeO2–based solid solutions. 
Particularly, CP sample showed highest oxygen vacancy concentration while compared 
to other ceria promoted catalysts. It can be due to two reasons (i) the larger ionic radius 
(1.13 Å) while compared to Ce4+ ion (0.97 Å), (ii) variable oxidation states such as Pr3+ 
and Pr4+. Due to these features, the Pr dopant might distort the lattice excessively, 
thereby higher oxygen vacancy concentration. In case of CF and CS samples, Fe and Sm 
are existed in single oxidation state (+3). Therefore, the oxygen vacancy concentration 
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order is CP>CF>CS>CM>CL>CZ>C. Furthermore, the CZ sample showed F2g peak shift 
towards higher energy side in contrast to other dopants. This could be due to the 
insertion of Zr ions, increases the vibrational frequency of the metal-oxygen band 
because the atomic mass of Zr is smaller than that of Ce. Furthermore, the Raman 
spectrum of CM reveals that in addition to two distinct modes (υF2g~458 cm–1 and υO-
vacancy ~600 cm–1), there is an additional peak observed  at 643 cm–1. The observed peak 
at ~643 cm–1 is the characteristic of the Mn-O-Mn stretching mode of Mn3O4 and/or 
Mn2O3 like species (υMn-o-Mn) [29, 30]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3  Raman spectra of pure CeO2 (C), Ce0.75Zr0.25O2-δ (CZ), Ce0.8Pr0.2O2-δ (CP), 
Ce0.7Mn0.3O2-δ (CM), Ce0.8Fe0.2O2-δ (CF), Ce0.8Sm0.2O2-δ (CS), and Ce0.8La0.2O2-δ (CL) 
catalysts. 
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3.2.6  UV-Vis DRS analysis 
UV-vis DRS technique has been used extensively to obtain information on the changes in 
the bulk, surface coordination, and different oxidation states of the ions of metal oxides 
by measuring d-d and f-d transitions, and oxygen-metal ion charge transfer bands [23]. 
Figure 3.4 shows the UV-vis DRS of various catalysts including pure ceria.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4  UV-vis DR spectra of pure CeO2 (C), Ce0.75Zr0.25O2-δ (CZ), Ce0.8La0.2O2-δ 
(CL), Ce0.8Sm0.2O2-δ (CS), Ce0.8Fe0.2O2-δ (CF), Ce0.7Mn0.3O2-δ (CM), and Ce0.8Pr0.2O2-δ (CP) 
catalysts. 
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As can be noted from Figure 3.4, pure ceria exhibits three absorption maxima around 
255, 285, and 340 nm, which correspond to O2− → Ce3+, O2− → Ce4+ charge-transfer, and 
inter- band transitions, respectively [31]. In general, the formation of solid solutions not 
only alters the crystallinity but also affects the charge transfer properties and optical 
characteristics of the resulting catalysts [23]. From Figure 3.4, it can be pointed out that 
transition and rare earth metal ions doped ceria catalysts exhibit strong absorption 
bands, centred at 240–370 nm, at the UV region due to charge transfer transitions from 
O 2p to Ce 4f. Additionally, the CP catalyst showed one more intense absorption band at 
the visible region (400–650 nm), which is related to Pr3+ inter-band transitions [27]. 
Interestingly, the Mn–doped and Fe–doped catalysts showed a widening of absorption 
edge at around 533 nm due to the d–d transitions. In the visible region of the spectra, 
the appearance of absorption at higher wavelengths with the characteristic d–d 
transitions can be due to Mn and Fe-oxide phases. However, there are no diffraction 
peaks correspond to Mn2O3 and Fe2O3 phases in the XRD pattern (Figure 3.1a). It 
indicates that some part of Mn and Fe oxides can be locally dispersed on the surface of 
ceria lattice during synthesis process. Furthermore, there is no evidence for the 
presence of different phases, like, Mn2O3, Fe2O3, ZrO2, La2O3, Pr2O3, and Sm2O3 from the 
DRS confirms the formation of Ce0.7Mn0.3O2-δ (CM), Ce0.8Fe0.2O2-δ (CF), Ce0.75Zr0.25O2-δ 
(CZ), Ce0.8La0.2O2-δ (CL), Ce0.8Pr0.2O2-δ (CP), and Ce0.8Sm0.2O2-δ (CS) solid solutions. 
3.2.7  H2-TPR analysis 
To invetigate the role of Mn, Fe, Zr, La, Pr, and Sm dopants in influencing the redox 
properties of ceria, H2–TPR experiments were carried out. The reducibility of all 
catalysts was studied by H2–TPR experiments, and the corresponding TPR profiles are 
shown in Figure 3.5.  It is generally accepted that the reduction of ceria is followed by a 
stepwise mechanism: i) reduction of outer most layers of Ce4+ (surface reduction) that 
occurs at relatively lower temperatures, and ii) the reduction of inner Ce4+ ions (bulk 
reduction) at higher temperatures [21]. The H2–TPR profiles of all ceria-based catalysts 
exhibited similar profiles of the reduction of pure ceria. Furthermore, these profiles 
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mainly exhibited similar reducible behaviour having two distinct peaks as mentioned 
earlier. However, all samples did not show reduction peaks at the same temperature. 
For CZ, CL, CP, and CS catalysts, the ionic difference between Zr4+ (0.84 Å), La3+ (1.10 Å), 
Pr3+ (1.13 Å), and Sm3+ (1.21 Å) dopants and Ce4+ (0.97 Å) is smaller, thereby created 
lower lattice strain in the lattice [25]. Moreover, the M–O (M= Zr, La, Pr, and Sm) bonds 
cannot reduced by hydrogen in the range of 400–1000 K. Due to these reasons, the CZ, 
CL, CP, and CS catalysts showed the reduction peaks near to CeO2 surface oxygen 
reduction.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5  TPR spectra of pure CeO2 (C), Ce0.7Mn0.3O2-δ (CM), Ce0.8Fe0.2O2-δ (CF), 
Ce0.75Zr0.25O2-δ (CZ), Ce0.8La0.2O2-δ (CL), Ce0.8Pr0.2O2-δ (CP), and Ce0.8Sm0.2O2-δ (CS) 
catalysts. 
On the other hand, the larger ionic difference between Mn3+ (0.58 Å) and Fe3+ (0.55 Å) 
and Ce4+ is larger, thereby makes the ceria lattice highly strain. In the case of CF catalyst, 
a bulk reduction peak was observed at higher temperature (982 K) in addition to a 
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surface reduction peak (627 K) [32, 33]. CM catalyst exhibit two reduction peaks at 515 
and 607 K, which were lower than the CeO2 reduction peaks. The TPR profile of CM 
shows reduction peaks at 514 K and 604 K, which are attributed to Mn4+ → Mn3+ and 
Ce4+ → Ce3+, respectively and agree with the reported values [26, 34]. From these 
results, it is evident that for all the doped ceria catalysts, a high concentration of surface 
oxygen vacancies appears to improve the adsorption and dissociation of H2 from the gas 
phase as well as the surface and subsurface regions. In particular, a higher 
concentration of these surface defects can be expected by doping the ceria with Mn3+ in 
comparison to other dopants. Therefore, it can be suggested that the Mn doped ceria 
reduces easily at lower temperatures, indicating a higher mobility of the surface oxygen. 
3.2.8  X-ray photoelectron spectral analysis 
The elemental oxidation states of CeO2 and doped CeO2 catalysts were further studied 
by XPS. The characteristic photoemission from the O 1s, Ce 3d, Mn 2p, Fe 2p, Zr 3d, La 
3d, Pr 3d, and Sm 3d core levels were recorded.  
3.2.8.1 O 1s core-level spectra 
The O 1s core level spectra of pure CeO2 and doped CeO2 catalysts are shown in Figure 
3.6.  The O 1s spectra of doped ceria catalysts and pure CeO2 were different, which 
indicates the presence of dopant cations (Mn3+, Fe3+, Zr4+, La3+, Pr3+, and Sm3+) modified 
the oxygen framework of ceria lattice. It is well-known that O 1s peak is generally broad 
for mixed metal oxide catalysts due to non-equivalence of surface O ions, which are 
bonded to different metal atoms. It is obvious from the Figure 3.6 that the patterns are 
dominated by a broad peak at ~529.8 eV that can be assigned to the lattice oxygen (OA) 
associated with the oxides. In addition, two peaks at higher binding energy (~530–534 
eV) are also seen which are attributed to surface adsorbed oxygen and/or weakly 
bonded oxygen (OB), and oxygen from chemisorbed water and/or carbonates (OC) [35]. 
The doped ceria catalysts showed distinct three oxygen peaks as compared to pure 
ceria. 
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Figure 3.6   O 1s XPS spectra of (a) CeO2 (C), (b) Ce0.7Mn0.3O2-δ (CM), (c) 
Ce0.8Fe0.2O2-δ (CF), (d) Ce0.75Zr0.25O2-δ (CZ), (e) Ce0.8La0.2O2-δ (CL), (f) Ce0.8Pr0.2O2-δ (CP), 
and (g) Ce0.8Sm0.2O2-δ (CS) catalysts. 
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The determined binding energies (BE) of the selected photoemission lines and the 
binding energy of major oxygen of various catalysts are summarized in Table 3.4.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To get further understanding, the three oxygen surface concentrations are quantified 
and given in Table 3.4. As shown, the total oxygen concentration of doped ceria solid 
solutions is more than pure ceria. Therefore, the high surface oxygen concentration of 
adsorbed oxygen (OB) and/or weakly bonded oxygen may play a vital role in the 
oxidation reactions [5, 36]. 
 
Table 3.4 Binding energies and surface atomic concentrations of  
CeO2 (C), Ce0.7Mn0.3O2-δ (CM), Ce0.8Fe0.2O2-δ (CF), and Ce0.75Zr0.25O2-δ 
(CZ), Ce0.8La0.2O2-δ (CL), Ce0.8Sm0.2O2-δ (CS), and Ce0.8Pr0.2O2-δ (CP) 
catalysts . 
catalyst O 1s (OA) eV 
 
surface atomic concentration 
 
O/OT (%) 
  OA OB OC 
Ce0.7Mn0.3O2-δ  528.5 55.5 35.8 13.7 
Ce0.8Fe0.2O2-δ 529.6 55.3 30.7 14 
Ce0.75Zr0.25O2 530.2 73.4 23.0 3.6 
Ce0.8La0.2O2-δ 529.3 60.3 27.7 12 
Ce0.8Pr0.2O2-δ 530.7 62.1 28.7 9.2 
Ce0.8Sm0.2O2-δ 529.2 59.8 31.9 8.3 
CeO2 530.2 68.19 25.19 5.96 
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3.2.8.2 Ce 3d core-level spectra  
The Ce 3d XPS profiles of all the catalysts were shown in Figure 3.7. Generally, Ce 3d 
core level peak of ceria is known to be complicated due to multiple oxidation states and 
the hybridization of the O 2p valence band with the Ce 4f level during the primary 
photoemission process [37]. As shown in Figure 3.7, the Ce 3d spectra is composed of 
four spin orbit doublets due to two spin-orbit pairs namely, Ce 3d3/2 and Ce 3d5/2. 
Specifically, the bands at v, v', v'', and v''' are attributed to Ce 3d5/2 ionization, while u, 
u', u'', and u''' are assigned to Ce 3d3/2 ionization. The designated peaks v and v'' are 
assigned to a mixing of the Ce 3d9 4f2 O 2p4 and Ce 3d9 4f1 O 2p5 Ce (IV) final states, and 
the peak representing v''' corresponds to the Ce 3d9 4f0 O 2p6 Ce (IV) final state. On the 
other hand, the peaks v' are assigned to the Ce 3d9 4f2 O 2p5 and Ce 3d9 4f1 O 2p6 states 
of Ce (III). The same assignment can be applied to the u structures, which correspond to 
the Ce 3d3/2 levels. The u''' satellite peak at about 916.1–917.2 eV is the fingerprint of 
Ce4+ state, and its high intensity and area suggests that part of ceria is in Ce4+ oxidation 
state [37]. The binding energy of u''' peak of all the catalysts are given in Table 3.4. The 
binding energy of Ce4+ (u''' peak) in every metal doped ceria catalysts is decreased 
compared to that of pure ceria, indicating that doped elements influence the chemical 
environment of the ceria. The shift in the binding energy towards lower binding energy 
side means, the smaller the fraction of Ce4+ state [38]. This tendency suggests that 
reduction (Ce4+ → Ce3+) of ceria is taking place for all doped ceria catalysts. Moreover, 
the presence of the Ce3+ species could create a charge imbalance, thereby the vacancies 
and unsaturated chemical bonds on the catalysts surface, which would lead to the 
enhancement of surface adsorbed oxygen on the surface [39].  
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Figure 3.7   Ce 3d XPS spectra O 1s XP spectra of (a) CeO2 (C), (b) Ce0.7Mn0.3O2-δ 
(CM), (c) Ce0.8Fe0.2O2-δ (CF), (d) Ce0.75Zr0.25O2-δ (CZ), (e) Ce0.8La0.2O2-δ (CL), (f) 
Ce0.8Pr0.2O2-δ (CP), and (g) Ce0.8Sm0.2O2-δ (CS) catalysts. 
Among all catalysts, CM catalyst exhibited a high shift in binding energy thereby leading 
to low fraction of Ce4+ concentration, which can result in more number of oxygen 
vacancies. 
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3.2.8.3 Mn 2p, Fe 2p, La 3d, Zr 3d, Pr 3d, and Sm 3d core-level spectra 
In order to identify the dopant oxidation state of metal ions used for doping, the Mn 2p, 
Fe 2p, La 3d, Zr 3d, Pr 3d, and Sm 3d core level XP spectra of the doped ceria catalysts 
were carried out and the results are presented in Figure 3.8.  For CM catalyst, Mn 2p 
XPS spectrum showed two distinct peaks at 641.6 and 652.9 eV, which could be 
attributed to Mn 2p1/2 and Mn 2p3/2 states, respectively [34]. These binding energies 
suggest that Mn is in 4+, 3+, 2+ oxidation states [22]. However, the XRD pattern did not 
show the other forms of MnO2, Mn2O3, and MnO, which suggests that the manganese 
oxides are either in amorphous form or partly dispersed on the ceria lattice. In the case 
of CF catalyst, the Fe 2p peaks were noticed at about 710.0 and 723.6 eV, which can be 
attributed to Fe 2p3/2 and Fe 2p1/2. Two weak satellite peaks at ∼718.3 and 733.1 eV 
were also observed. This implies that Fe existed in +3 oxidation state [34]. For CZ 
catalyst, the slightly resolved peaks at about 184.6 and 182.2 eV for Zr 3d correspond to 
Zr 3d3/2 and Zr 3d5/2, respectively, which concurs well with the values reported in the 
literature for ZrO2 (i.e, in +4 oxidation state)[40].  In the case of CL catalyst, the 
observed peaks at 834.3, 838.6, 851, and 855.5 eV are assigned to spin orbit interaction 
and charge transfer from ligand (O 2p) to the metal (La 4f), respectively [21].  This 
observation indicates that La was in +3 oxidation state. For CP catalyst, Pr 3d exhibited 
two sets of spin-orbit multiplets at the binding energies of ~933 and ~953 eV which 
correspond to 3d3/2, respectively. This indicates that the CP praseodymium exist in 3+ 
and 4+ oxidation state in the case of CP catalys t[27]. CS catalyst exhibit the XP pattern 
in which Sm 3d shows a major peak at ~1082 eV, which is characteristic of electron 
transitions in Sm2O3. Further, the broad background observed on the low binding 
energy side of XP spectrum of Sm 3d could be due to the consequence of the strong 
charge-transfer effect of unpaired 4f electrons in the Sm2O3 [41]. The detailed XPS 
analysis revealed that only manganese and praseodymium exist in mixed oxidation 
states (2+, 3+ and 4+ of Mn) and (3+ and 4+ of Pr) in CM and CP catalysts respectively, 
while other dopant metal ions exist only single oxidation state in all the other doped 
ceria catalysts. 
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Figure 3.8   XPS spectra of Ce0.7Mn0.3O2-δ (CM), Ce0.8Fe0.2O2-δ (CF), Ce0.75Zr0.25O2-δ 
(CZ), Ce0.8La0.2O2-δ (CL), Ce0.8Pr0.2O2-δ (CP), and Ce0.8Sm0.2O2-δ (CS) catalysts., (a) Mn 2p, 
(b) Fe 2p, (c) La 3d, (d) Zr 3d, (e) Pr 3d, and (f) Sm 3d. 
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3.3 Hg0 Oxidation Studies 
Catalytic oxidation of gaseous Hg0 was investigated using the pure ceria and doped ceria 
catalysts. The experiments were conducted under the following conditions: a 25 g/m3 
of Hg0, 10 ppm HCl, and the balance was dry N2 gas. Total reaction time was 2 hours in 
the screening studies and total flow rate was maintained at 1000 ml/min. Figure 3.9 
shows the Hg0 oxidation efficiencies (Eoxi, %) of pure CeO2 and doped CeO2 catalysts.  
 
 
Figure 3.9   Hg0 oxidation efficiencies (%) of CeO2 (C), Ce0.7Mn0.3O2-δ (CM), 
Ce0.8Fe0.2O2-δ (CF), Ce0.75Zr0.25O2-δ (CZ), Ce0.8La0.2O2-δ (CL), Ce0.8Pr0.2O2-δ (CP), and 
Ce0.8Sm0.2O2-δ (CS) catalysts (25 g/m3 of Hg0, 10 ppm HCl, T= 423 K, Reaction time= 2 
h) (number of repeat experiment per data point = 3). 
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From Figure 3.9, elemental mercury oxidation was observed for all the catalysts 
investigated in the present study. Among all catalysts, very low (6.17%) Hg0 oxidation 
efficiency was observed over CP catalyst, whereas CM catalyst exhibited superior 
activity in terms of the conversion (Hg0 → Hg2+, 44.38% Hg0 oxidation efficiency). The 
oxidation activity of various catalysts followed the order: CM > CL > CZ > CF > CS > C> 
CP. Pure CeO2 also exhibited reasonable good Hg0 oxidation efficiency (10.56%). This 
result demonstrates the synergetic effect for Hg0 oxidation when transition or rare 
earth metal ions were doped into the cerium oxide framework. 
 
It is a well-known fact in the literature that the presence of transition and rare earth 
metal cations such as Zr4+, Mn3+, Fe3+, Zn2+, La3+, and Pr3+/4+ when incorporated into the 
CeO2 structure, that can promote the catalytic performance for CO oxidation [42]. In 
most of the cases, the improved catalytic activity corroborated well with the 
concentration of oxygen vacancies in the doped ceria catalysts. In particular, the doping 
of CeO2 with aliovalent cations (M3+), strongly influenced the structural distortions due 
to the effective negative charge compensation coming from the presence of the dopant 
cations in the ceria structure [43]. Therefore, these structural distortions in the ceria, 
due to the presence of the dopant cations, are expected to facilitate the oxygen depletion 
from the surface material (lattice oxygen), enhancing their reactivity towards the 
mercury oxidation. Further, it has been reported that Raman band shifts to lower 
frequencies are related to oxygen vacancy concentration [44]. Thus, a Raman band 
frequency shift can be considered as a qualitative measurement of the degree of ceria 
oxygen vacancy formation during reduction. From this phenomenon, it is expected that 
doping of RE metals (La, Pr, and Sm) into the ceria lattice should enhance the Hg0 
oxidation activity. However, the results were different in the case of Hg0 oxidation, the 
situation seems to be different. It can be seen from Figure 3.9 that doping of Pr metal 
ion into the ceria did not improve the activity of the CP catalysts in comparison to pure 
ceria. As shown in Figure 3.9, it was observed that Sm and Pr doped ceria exhibit poor 
activity towards mercury oxidation in spite of having higher oxygen vacancy formation. 
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However, La, Zr, and Fe doped ceria samples exhibited 43.87, 40.02, and 28.79 % 
mercury oxidation efficiency, respectively.  
 
The higher Hg0 oxidation efficiency over CM catalyst can be attributed to the presence of 
oxidation states of Mn (+3 and +4) and the redox ability of ceria (Ce3+ ↔ Ce4+), which 
were confirmed from Raman, H2–TPR, and XPS studies. The influence of cerium to the 
catalytic activity could be attributed to its promotional effect on the redox cycle 
between Mn3+ and Mn4+, which would speed up the transfer of oxygen and the 
formation of active chlorine species. It can be stated that the cooperative effect between 
the Mn and Ce cations had an obvious accelerative effect on the Hg0 removal, and Mn4+ 
may be the core active site. Therefore, the lower reduction temperature, an increased 
ability to shift between Ce4+/Ce3+ at lower temperatures, and mixed variable oxidation 
states are the key factors for increased oxidation activity of the CM sample. 
 
3.4 Hg0 Oxidation Mechanism over Doped CeO2 
The cerium cations present in two oxidation states, Ce4+ and Ce3+, thus allowing ceria to 
accommodate surface oxygen species (lattice oxygen) [36]. Consequently, ceria contains 
several lattice oxygen species on the surface. Mercury adsorbed on the ceria surface can 
react with active oxygen in the presence of HCl. Accordingly, Hg0 was thought to first 
react with active chlorine species forming HgCl, which is further oxidized to HgCl2 by 
another active chlorine species. Therefore, surface chlorine is likely to be involved in the 
oxidation of elemental mercury [5]. The probable heterogeneous reactions over doped 
ceria catalysts are illustrated shown in Figure 3.10 and as follows: 
 
Hg0(g) + surface → Hg0(ad)                                              (3.2) 
 
2HCl + O* → 2Cl* + H2O                     (3.3) 
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Cl* + Hg0(ad) → HgCl            (3.4) 
 
HgCl + Cl* → HgCl2             (3.5) 
 
where O* represents the chemisorbed or lattice oxygen on the surface of the Ce1-xTMxO2-
δ and Ce1-xRExO2-δ catalysts, which are utilized for mercury oxidation. The entire 
reaction can thus be written as follows: 
 
Hg0 + 2HCl + ½ O2 → HgCl2 + H2O         (3.6) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.10 Schematic mechanism of the elemental mercury (Hg0) oxidation over 
doped ceria. 
 
However, in the absence of oxygen atmosphere, abstraction of oxygen from the lattice of 
a catalyst could potentially mean that it might not regenerate. Therefore, the catalyst 
Chapter 3    Screening of ceria-based catalysts for Hg0 oxidation 
 
Page | 103  
 
cannot render further oxygen from the lattice for Hg oxidation. Based on these 
arguments, a modified Langmuir-Hinshelwood mechanism was proposed [45]. 
Accordingly, in the absence of oxygen, elemental mercury and HCl are adsorbed on the 
catalyst surface. The catalyst then dissociates HCl into H and Cl components where the 
Cl ions can react with mercury to form oxidized mercury while the dissociated H 
combine to evolve H2 gas. However, further work is required to support these 
arguments and to confirm the below mentioned mechanism: 
 
Hg0(g) + surface ↔ Hg(ads)            (3.7) 
 
HCl(g) + surface ↔ HCl (ads)          (3.8) 
 
HCl(g) ↔ H(ads) + Cl(ads)           (3.9) 
 
Hg(ads) + Cl(ads) → HgCl(ads)          (3.10) 
 
HgCl(ads) →HgCl2(g)           (3.11) 
 
H(ads) + H(ads) → H2(g)           (3.12) 
 
3.5 Conclusions 
In this chapter, transition (Mn, Fe, and Zr) and rare earth (Pr, La, and Sm) metal doped 
CeO2 catalysts were synthesized by a co-precipitation method and tested towards Hg0 
oxidation in the presence of HCl flue gas at an operating temperature of 423 K. The 
catalysts were thoroughly characterized using ICP-OES, BET, XRD, TEM, Raman, UV-Vis 
DRS, XPS, TPR techniques. The results obtained can be summarised by the following 
points: 
 The elemental composition of the doped ceria catalysts were calculated from the 
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ICP-OES analysis and the chemical stoichiometry of the doped CeO2 catalysts 
match with the precursor concentrations used during the synthesis. 
 XRD results confirmed that the Mn, Fe, Zr, La, Pr, and Sm dopants incorporated 
into CeO2 lattice, thereby formation of Ce0.7Mn0.3O2–δ, Ce0.8Fe0.2O2–δ, Ce0.75Zr0.25O2, 
Ce0.2La0.2O2–δ, Ce0.8Pr0.2O2–δ, and Ce0.8Sm0.2O2–δ solid solutions were clearly proved. 
 TEM imaging of the doped ceria catalysts showed that the average particle sizes of 
CeO2 were decreased to ~ 8 nm after doping as compared to pure CeO2 (~11 nm), 
which confirms the effect of doping on particle size. 
 Raman spectral measurements revealed that incorporation of dopants promote 
the formation of oxygen vacancies which enhance the diffusion rate of oxygen in 
the CeO2 lattice. 
 UV-Vis DRS results showed that doped ceria exhibits O2- to Ce3+ and O2- to Ce4+ 
charge transfer transitions at lower wavelengths while compared to pure CeO2. 
The charge transfer between O2- to Ce3+ indicates that the formation of Ce3+ ions in 
doped CeO2. 
 XPS analysis of the doped ceria catalysts revealed the oxidation states of Ce and 
dopant ions and formation of different oxide species on the surface as a result of 
doping.  
 TPR results confirmed that the dopants reduced the surface Ce-O reduction in 
doped CeO2 catalysts. In particular, Ce0.7Mn0.3O2–δ catalyst showed reduction peaks 
at lower temperature as compared to other investigated catalysts. 
The mercury oxidation activity of the aforementioned doped ceria catalysts is in the 
following order: Ce0.7Mn0.3O2–δ (44.38 %) > Ce0.2La0.2O2–δ (43 %) > Ce0.75Zr0.25O2–δ 
(40.02 %) > Ce0.8Fe0.2O2–δ (28.79 %) > Ce0.8Sm0.2O2–δ (10.93 %) > CeO2 (10.56 %) > 
Ce0.8Pr0.2O2–δ (6.17 %). Among various catalysts evaluated, the Ce0.7Mn0.3O2–δ catalyst 
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exhibited the highest Hg0 oxidation activity under the identical conditions (25 µg/m3 of 
Hg0, 10 ppm HCl, and T= 423 K) employed in this study. The observed high catalytic 
efficiency of Ce0.7Mn0.3O2–δ is found to be due to reducibility at lower temperatures and 
enhanced oxygen vacancy formation owing to variable oxidation states of the 
manganese.  
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CHAPTER 4 
Hg0 Removal Studies on Mn Doped 
CeO2 Catalysts 
 
In this chapter, a detailed study of the elemental mercury (Hg0) removal efficiency of Mn 
doped CeO2 (Ce0.7Mn0.3O2–δ) catalyst is presented. The performance of the as-prepared 
Ce0.7Mn0.3O2–δ catalyst is tested under different flue gas conditions containing various 
concentrations of HCl, O2, and HCl/O2 mixtures over 16 hour long experiments. Further, 
the Ce0.7Mn0.3O2–δ catalysts were subjected to different calcination temperatures at 773 
and 1073 K to understand its surface structure and thermal stability properties. The 
structural and redox properties of Ce0.7Mn0.3O2–δ catalysts were thoroughly investigated 
by XRD, BET surface area, TEM and HRTEM, Raman, XPS, and H2-TPR techniques. In 
order to determine the likely mechanisms involved in the mercury oxidation and 
adsorption process, the Ce0.7Mn0.3O2–δ catalyst calcined at 773 K was tested for 16 hours 
under HCl and O2 conditions and the obtained results are compared with the pure CeO2 
and MnOx. The presence of HCl and O2 substantially enhanced the oxidation 
performance of Ce0.7Mn0.3O2–δ catalyst. The mechanism responsible for its superior Hg0 
oxidation and adsorption performances was clearly explained in this chapter. 
 
 
The work presented in this chapter has been published: 
D. Jampaiah, K. M. Tur, P. Venkataswamy, S. J. Ippolito, Y. M. Sabri, J. Tardio, S. K. 
Bhargava, and B. M. Reddy Catalytic oxidation and adsorption of elemental mercury 
over CeO2–MnOx catalyst  RSC Advances 5 (2015) 30331-30341 
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4.1 Introduction 
In the previous chapter, transition and rare-earth metal doped ceria catalysts were 
screened for elemental mercury (Hg0) oxidation in a simulated flue gas mixture 
containing hydrochloric acid (HCl) vapour. The structural and redox properties were 
significantly enhanced, when different metal ion dopants (Mn, Fe, Zr, La, Pr, and Sm) 
were incorporated into CeO2 lattice. However, lower than expected Hg0 oxidation 
efficiency (around in the range of 10–43 %) were observed for pure CeO2 and transition 
and rare-earth metal doped CeO2 catalysts. Previous studies have shown that the flue 
gas containing HCl and O2 in the flue gas is essential to oxidize Hg0 efficiently over 
various catalysts [1-10]. Several metal oxides such as CuO, Cu2O, MnOx, Fe2O3, TiO2, 
VOx/TiO2, and Co/TiO2 have been investigated for the catalytic Hg0 oxidation reaction 
(Hg0 → Hg2+) in presence of HCl and O2 [11‒18]. These studies have demonstrated that 
the Hg0 oxidation efficiency can be increased by more than 80 % when both HCl and O2 
gaseous species are presented in the flue gas. The oxidation of Hg0 in the presence of 
HCl and O2 using metal oxide catalysts was described in the following reaction: 
 Hg0 + 2HCl + ½ O2 → HgCl2 + H2O         (4.1) 
In the previous chapter, manganese doped CM catalyst Ce0.7Mn0.3O2–δ was found to be 
active as compared to other metal ions doped ceria catalysts and its activity can be 
improved if oxygen can be added along with the HCl vapour. Another reason for the 
selection of Mn doped ceria is mainly due to its widely applicability in heterogeneous 
catalysis for the abatement of contaminants in the liquid and gas phases, such as the 
catalytic reduction of NO and oxidation of acrylic acid and formaldehyde [19, 20]. 
Furthermore, it exhibits much higher catalytic activity than pure MnOx and CeO2 [19]. 
Recently, Xingyi et al. demonstrated that chlorobenzene combustion using Ce1-xMnxO2–δ 
catalyst at temperatures an operating temperature of 527 K [21]. Delimaris and 
Ioannides also showed the complete oxidation of using the same catalyst at a 
temperature of 523 K [22]. Furthermore, Ce1-xMnxO2–δ was also reported as a highly 
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active catalyst for the low temperature (423K) selective catalytic reduction (SCR) of NO 
with NH3 in the presence of excess oxygen [23-25]. The observed catalytic redox 
performance of Ce1-xMnxO2–δ catalyst was attributed to the formation of reactive surface 
adsorbed oxygen species (i.e., O2−, O22−, O−, etc.) [26-27]. Furthermore, the superior 
redox behaviour of Mn-oxides by themselves at lower temperatures favours them as the 
best dopants for CeO2. Therefore, the combination of strong oxidative property of Mn 
and the oxygen storage property (OSC) of ceria can potentially lead to cheap and 
efficient catalysts for Hg0 oxidation [19]. Ceria can also play vital role as a structural and 
chemical promoter to improve the activity and stability of manganese-based catalysts 
due to its unique combination of an elevated oxygen transport capacity coupled with the 
ability to shift easily between reduced and oxidized states (Ce3+ ↔ Ce4+) [28]. 
Therefore, the major focus of this chapter is to investigate the performance 
Ce0.7Mn0.3O2–δ catalyst for Hg0 oxidation at low operating temperature (423 K) when 
simulated flue gas consists of O2 in addition to HCl. The Hg0 removal tests are conducted 
for 16 hours rather the 2 hours test period used in the experiments discussed in chapter 
3. Another important parameter that affects the catalytic performance is the calcination 
temperature because it affects the dopant dispersion, particle size and OSC. Therefore, 
the nanosized Ce0.7Mn0.3O2–δ catalyst synthesized by coprecipitation method as 
described in chapter 2 (section 2.1.1) calcined at two different temperatures (773 and 
1073 K) and their influence in improving the catalytic performance will be another 
major focus. During Hg0 oxidation reactions, there is a possibility of Hg0 adsorption over 
the surface of the catalyst. The amount of adsorbed mercury can be calculated by 
digesting the spent catalyst and analysing by ICP-MS as described in chapter 2 (section 
2.3.5). Hence, the major objective of the present study is to investigate Hg0 oxidation 
and adsorption efficiencies using Ce0.7Mn0.3O2–δ as the catalyst under different industrial 
flue gas conditions. The physicochemical properties and catalytic activity of 
Ce0.7Mn0.3O2–δ catalysts were also compared with the pure CeO2 and MnOx individual 
oxides. 
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4.2   Results and Discussion 
4.2.1  BET surface area analysis 
Figure 4.1 shows the profiles of nitrogen adsorption-desorption isotherms of all the 
catalysts. All the catalysts showed type IV isotherms with different hysteresis loops 
located in the relative pressure (P/P0) range of 0.83–0.98, which is the characteristic 
property of mesoporous materials [29].  
 
 
 
 
 
 
 
 
 
Figure 4.1  The N2 adsorption-desorption isotherms MnOx and CeO2 catalysts 
calcined at 773 K, and Ce0.7Mn0.3O2–δ catalysts calcined at 773 and 1073 K. 
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Pure CeO2 catalyst showed H2-type hysteresis, whereas MnOx catalyst exhibits H3-type 
hysteresis. Interestingly, the CeMnO-773 and CeMnO-1073 catalysts showed H1-type 
hysteresis loop. Among the observed three types of hysteresis loops, H1-type is more 
prominent, because materials of this type tend to have relatively narrow distributions of 
pore size. This observation indicates the influence of Mn dopant on textural properties 
of CeO2. As the calcination temperature increases to 1073 K, the shape of hysteresis loop 
is not changed, which confirms the thermal stability of Ce0.7Mn0.3O2–δ catalyst at higher 
calcination temperatures. The specific BET surface area, pore volume, and pore 
diameter of all catalysts are calculated and summarized in Table 4.1. 
Table 4.1: The BET surface areas (m2 g-1), pore volume (cm3 g–1), pore size (nm) of 
CeO2 and MnOx catalysts calcined at 773 K, and Ce0.7Mn0.3O2–δ catalyst calcined at 773 
and 1073 K. 
Catalyst Surface area 
(m2 g-1) 
Pore volume  
(cm3 g-1) 
Pore diameter  
(nm) 
CeO2 41 0.11 9.8 
MnOx 8 0.02 12.3 
CeMnO-773 58 0.44 6.23 
CeMnO-1073 11 0.18 7.74 
 
The nanostructured CeMnO-773 catalyst exhibited a high BET surface area (58 m2 g–1) 
compared to pure CeO2 (41 m2 g–1) and MnOx (8 m2 g–1). The high specific surface area 
of CeMnO-773 catalyst is probably due to the presence of smaller sized Mn-doped CeO2 
crystallites. However, as the calcination temperature increases to 1073 K, the surface 
area decreased to 11 m2 g–1. The decline of the surface area with increasing calcination 
temperature could be due to the increase in the particle size as a result of sintering.  
Additionally, the Ce0.7Mn0.3O2–δ catalyst calcined at 773 K exhibited lower average pore 
diameter value, as compared to pure CeO2 and MnOx. However, the average pore size 
increased with increasing calcination temperature due to the larger size of the CeO2 
crystallites as well as sintering mediated inter-particle pores. It is well known that 
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specific surface area, pore size, and pore diameter varies with the calcination 
temperature. Overall, the prepared Ce0.7Mn0.3O2-δ catalyst maintained thermal stability 
at 773 K while compared to pure CeO2. However, as the calcination temperature 
increases to 1073 K, the surface area and pore size decreased. 
4.2.2  XRD analysis 
Figure 4.2 illustrates the XRD patterns of MnOx, CeO2, and Ce0.7Mn0.3O2–δ catalysts 
calcined at different temperatures (773 and 1073 K).  
 
 
 
 
 
 
 
 
Figure 4.2  XRD patterns of MnOx and CeO2 catalysts calcined at 773 K, and 
Ce0.7Mn0.3O2–δ catalysts calcined at 773 and 1073 K. 
The XRD pattern of MnOx catalyst calcined at 773 K matches very well with the cubic 
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calcined at 773 K exhibits the characteristic peaks related to the fluorite structured 
CeO2 (PDF-ICDD 34-0394) [29]. The absence of Mn-oxide phases (i.e. MnO2, Mn2O3, 
MnO, and Mn3O4) has been attributed to either the dispersion of MnOx phases in ceria 
lattice or the substitution of cerium cations by Mn cations in the fluorite structure. 
However, the Ce0.7Mn0.3O2–δ catalyst calcined at 1073 K showed weak diffraction peaks 
that correspond to Mn2O3 phase (2θ= 55.6 and 64°) along with CeO2 fluorite phase 
diffraction peaks, which might be due to Mn-oxide phase segregation at higher 
calcination temperatures [29]. Further, diffraction peaks that correspond to the ceria 
phase showed an increase in intensity with the decrease in the peak width at higher 
calcination temperatures. This was probably be due to the growing degree of the 
crystallinity and as well as larger crystallite size of the ceria phase [30]. The crystallite 
sizes were determined by using Scherrer equation for the CeO2 (111) plane, the results 
of which are listed in Table 4.2. The CeMnO-773 catalyst exhibited a smaller crystallite 
size (7.2 nm) as compared to pure CeO2 (8.9 nm). With the increase in calcination 
temperature, the average crystallite size increased to 22.4 nm, which could be 
rationalized as a result of particle sintering [31]. 
 
Table 4.2: The average crystallite size and lattice parameter values of CeO2 
and MnOx catalysts calcined at 773 K, and Ce0.7Mn0.3O2–δ catalyst calcined at 
773 and 1073 K. 
Catalyst Crystallite size (nm) Lattice parameter (Å) 
CeO2 8.92 5.41 
MnOx 32.4 4.71 
CeMnO-773 7.19 5.35 
CeMnO-1073 22.35 5.41 
 
Chapter 4  Hg0 removal studies on Ce0.7Mn0.3O2-δ catalyst 
 
Page | 116  
 
Additionally, it was observed that the diffraction peaks of Ce0.7Mn0.3O2–δ catalysts were 
shifted slightly to higher angles compared to CeO2, resulting from lattice contraction due 
to the substitution of Ce4+ by Mnx+ in the fluorite structure [25]. Because of this, the cell 
parameter of ceria (5.41 Å) decreases to 5.35 Å upon Mn doping (CeMnO-773 catalyst). 
These results imply that some manganese ions were incorporated into the ceria lattice, 
leading to the formation of a solid solution between manganese and cerium oxides. This 
observation is in agreement with Vegard’s law, which holds that a linear relationship 
exists, at a constant temperature. As the calcination temperature increased to 1073 K, a 
small increase in lattice parameter was observed. Overall, these results confirm that the 
strong Ce–Mn–O interaction in the solid solution have effectively inhibited the 
crystalline growth and in turn improved the thermal stability of Ce0.7Mn0.3O2–δ catalyst. 
 
4.2.3  TEM and HR-TEM analyses 
The morphology and crystalline nature of catalysts were examined by TEM imaging and 
corresponding images are shown in Figure 4.3. The nanosized and well dispersed 
particles (~7−20 nm) can be clearly observed for both Ce0.7Mn0.3O2–δ catalysts calcined 
at different temperatures. The average particle size of CeMnO-773 catalyst was ~7 nm, 
in reasonable agreement with the size calculated using the Scherrer equation (Table 
4.2). As the calcination temperature increases to 1073 K, the particle sizes increased 
from 7 to 20 nm, which confirms the higher calcination temperature led to an increase 
the particle size. 
The HR-TEM images of CeMnO-773 and CeMnO-1073 catalysts also shown in Figure 4.4. 
It was clearly seen that crystalline nature of ceria nanoparticles and it was not affected 
by doping and calcination temperature. The lattice planes are clearly visible and planes 
with d111 spacing of 0.309 nm related to fluorite structured CeO2 were observed in both 
samples. It clearly indicates the high thermal stability of the Ce0.7Mn0.3O2–δ catalyst [32, 
33]. The absence of lattice planes that corresponds to the MnOx indicates the formation 
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of well-crystallized Ce0.7Mn0.3O2−δ solid solutions, in which the manganese ion has 
entered the lattice and is uniformly distributed throughout it. 
 
 
Figure 4.3  TEM images of Ce0.7Mn0.3O2–δ catalysts calcined at 773 and 1073 K, 
CeO2 catalyst calcined at 773 K. 
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Figure 4.4  HRTEM images of Ce0.7Mn0.3O2–δ catalysts calcined at 773 and 1073 K. 
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4.2.4  Raman spectral analysis 
Figure 4.5 illustrates the Raman spectra of Ce0.7Mn0.3O2–δ catalysts along with pure CeO2 
and MnOx. The Raman band at ~465 cm−1 for pure CeO2 is the characteristic vibrational 
mode (F2g) of fluorite-type structure, which was assigned to the symmetric breathing 
mode of the oxygen ions around each Ce4+ cation [34]. The Raman spectra of CeMnO-
773 and CeMnO-1073 catalysts displayed peaks at ~453 and ~459 cm−1, respectively. 
This low frequency shift of F2g mode indicates the formation of partially deformed 
fluorite structure and oxygen vacancies as a result of the formation of solid solution 
between Ce and Mn in the CeO2 lattice.  
 
 
 
 
 
 
 
 
Figure 4.5 Raman spectra of MnOx and CeO2 catalysts calcined at 773 K, and 
Ce0.7Mn0.3O2–δ catalysts calcined at 773 and 1073 K. 
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The presence of oxygen vacancies can be confirmed by the Raman mode at ~646 cm−1 
for CeMnO-773 catalyst [35]. However for CeMnO-1073 catalyst, the peaks at ~317, 
363, and 653.9 cm–1 can be ascribed to the different phases such as Mn3O4 and Mn2O3 
[36]. In particular, Mn2O3 phase was detected by the XRD analysis indicating that Mn2O3 
was segregated from the mixed oxide at elevated temperatures, which explains the 
formation of vibrational peaks that correspond to the manganese oxides at higher 
calcination temperature. Based on these results, it was clearly shown that when a Ce4+ 
ion is substituted with a manganese ion, an oxygen vacancy is formed to maintain the 
charge balance, which plays an important role for Hg0 oxidation. 
4.2.5  H2-TPR analysis 
Figure 4.6 shows the H2-TPR profiles of Ce0.7Mn0.3O2–δ catalysts along with pure CeO2 
and MnOx. Generally, pure ceria exhibits two reduction peaks corresponding to the 
surface and bulk reduction which are centred at ~793 and 1000 K, respectively [37]. 
The pure MnOx also exhibited two reduction peaks at ~603 and 745 K. The first 
reduction peak at ~603 K can be ascribed to the reduction of MnO2 and/or Mn2O3 to 
Mn3O4 while the second peak at ~745 K is generated because of the reduction of Mn3O4 
to MnO [38]. As shown from Figure 4.6, the reduction peaks of the Ce0.7Mn0.3O2–δ 
catalysts were observed at lower temperatures than those observed for both pure CeO2 
and MnOx. It can be concluded that the reduction peak at a low temperature 
corresponds to the reduction of manganese oxide species (MnO2 and/or Mn2O3), while 
the high temperature reduction peak could be attributed to the combined reductions of 
Mn3O4 and surface Ce-oxide species. The possible reason for this behaviour is the 
enhancement of oxygen vacancies through the formation of solid solution, thereby 
increasing the lattice oxygen mobility and facilitating the diffusion of lattice oxygen 
from the bulk to the surface (as evidenced from Raman results) [31, 39]. Besides, as the 
calcination temperature increased, the reduction peaks were observed to shift to a 
higher temperature as compared to CeMnO-773. This may be due to the slight 
segregation of Mn-oxide from CeO2 lattice, which was supported by XRD and Raman 
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results. However, the CeMnO-1073 catalyst showed prominent redox ability while 
compared to pure CeO2 and MnOx, indicating that the Ce0.7Mn0.3O2–δ catalyst was 
thermally stable. These results render that there may have formed a synergistic 
interaction between Ce and Mn that will possibly be useful for reactions such as the 
catalytic Hg0 oxidation reaction. 
 
 
 
 
 
 
 
 
 
 
Figure 4.6  H2–TPR patterns of CeO2 and MnOx calcined at 773K, and Ce0.7Mn0.3O2–δ 
catalysts calcined at 773 and 1073 K. 
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4.2.6  X-ray photoelectron spectroscopy analysis 
4.2.6.1 Ce 3d core-level spectra 
The composition and oxidation states of catalyst surface species could be examined by 
XPS analysis. Figure 4.7 illustrates Ce 3d XP spectra of CeO2, CeMnO-773, and CeMnO-
1073 samples. The main features are composed of eight peaks labelled as u and v. The 
peaks labelled as u are due to 3d3/2 spin–orbit states, and those labelled as v are due to 
the corresponding 3d5/2 states.  
 
 
 
 
 
 
 
 
 
Figure 4.7  Ce 3d XPS spectra of CeO2 calcined at 773K, and Ce0.7Mn0.3O2–δ catalysts 
calcined at 773 and 1073 K. 
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Table 4.3: Summary of binding energies of fresh MnOx and CeO2 calcined at 773K, and 
Ce0.7Mn0.3O2–δ catalysts calcined at 773 and 1073 K collected from XPS. 
Catalyst Binding energies (eV) 
 Ce 3d3/2 
(u''') 
Mn 2p3/2 O 1s 
 Mn4+ Mn3+ Mn2+ OA OB OC 
MnOx - 643.9 641.6 640.4 529.3 531.3 - 
CeO2 916.4 - - - 530.2 531.9 - 
CeMnO-773 915.3 643.2 641.2 640.1 529.1 530.5 532.7 
CeMnO-1073 916.1 643.7 641.5 640.2 529.8 530.6 533.8 
Table 4.4 The Ce and Mn surface atomic ratios of fresh MnOx and CeO2 calcined at 
773K, and Ce0.7Mn0.3O2–δ catalysts calcined at 773 K catalysts from XPS. 
Catalyst Ce4+/Ce3+ Mn4+/Mn3++Mn2+ 
    
MnOx - 
5.04 
3.14 
0.63 
- 
1.15 
CeO2 
CeMnO-773 
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As can be noted from the Figure 4.7, the six peaks labelled as u, uˈˈ, uˈˈˈ, v, vˈˈ, vˈˈˈ are 
assigned to Ce4+ ions, and the two peaks labelled as uˈ and vˈ are assigned to Ce3+ ions. 
The binding energies of Ce 3d, Mn 2p, and O 1s of the catalysts are summarized in Table 
4.3. As shown in Figure 4.7, the peaks at 882.5, 918.64 and 885.2, 903.7 eV are 
considered as fingerprints of Ce4+ and Ce3+, respectively.  This observation confirms the 
coexistence of Ce4+ and Ce3+ in the catalysts; however the ratio of Ce4+ to Ce3+ changes 
after Mn incorporation into CeO2. For CeMnO-773 catalyst, the ratio decreased from 
5.04 to 3.14 (as shown in Table 4.4), which indicates that reduced species Ce3+, together 
with Mn3+ played a vital role in creating charge imbalance, vacancies, and unsaturated 
chemical bonds on the catalyst surface [25]. Therefore, the coexistence of Ce4+ and Ce3+ 
species at the surface could lead to the formation of more oxygen vacancies in 
Ce0.7Mn0.3O2–δ catalyst, which is in agreement with the Raman analysis. Based on the 
observed phenomena, it can be concluded that the combination of CeO2 and MnOx could 
facilitate more surface oxygen for Hg0 oxidation. 
 
4.2.6.2 O 1s core-level spectra 
  
The O 1s spectra of pure CeO2, CeMnO-773, and CeMnO-1073 catalysts are shown in 
Figure 4.8. The O 1s spectra of pure CeO2 and MnOx indicate the presence of both 
chemisorbed and lattice oxygen species on the catalyst surface. The O 1s spectra of 
Ce0.7Mn0.3O2–δ catalysts contained three types of oxygen species, in which the binding 
energy observed at ~529.1–530.2 eV was assigned to the lattice oxygen (OA) while the 
binding energy observed at ~530.6–531.9 eV was attributed to oxygen species in the 
surface adsorbed oxygen groups (denoted as OB). Lastly, the binding energy at ~532.7–
533.8 eV (OC) can be attributed to chemisorbed water and/or carbonates [40]. 
Interestingly, the binding energy of lattice oxygen (OA) was decreased in the case of 
CeMnO-773 sample as compared to pure CeO2, which is evidenced from Table 4.3. It can 
be attributed to the O → Mn electron-transfer processes as the interactions between Ce 
and Mn are synergistic in nature where the dopant cation is having a decisive role 
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towards the binding energy shift. As a result, the O → Mn in the CeMnO-773 catalyst 
could enable the formation of very reactive electrophilic oxygen species (e.g., O2–, O–, O•) 
[43]. It is well known that the defect oxygen species are responsible for oxidation 
reactions [44]. Therefore, the OB species in the CeMnO-773 sample might be helpful for 
Hg0 oxidation reaction.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.8  O 1s XPS spectra of CeO2 calcined at 773K, and Ce0.7Mn0.3O2–δ catalysts 
calcined at 773 and 1073 K. 
4.2.6.3 Mn 2p core-level spectral analysis 
In order to identify the oxidation states of Mn in the doped ceria catalysts, the XPS 
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spectra of Mn 2p core level was acquired and shown in Figure 4.9. It is clear that the co-
existence of Mn2+, Mn3+, and Mn4+ species have been identified by the three peaks 
having the binding energies at ~640.2, 641.5, and 643.5 eV, respectively [21, 39, 45]. 
The observed binding energies of the manganese ions in the Ce0.7Mn0.3O2–δ catalysts are 
lower than pure MnO, MnO2, and Mn2O3, which might be due to a strong interaction 
between manganese and cerium oxides [30].  As can be observed from Table 4.4, the 
CeMnO-773 catalyst showed more Mn4+/Mn3++Mn2+ ratio (1.15), while compared to 
pure MnOx (0.63). It can be concluded that the combination of CeO2 and MnOx results in 
the formation of more surface Mn4+ concentration. Several studies investigated that 
higher valent Mn oxides could enhance Hg0 oxidation efficiency as the Mn4+ could 
directly oxidize the adsorbed Hg0 [13. 46].  
 
 
 
  
 
 
 
 
 
Figure 4.9  Mn 2p XPS spectra of MnOx catalyst calcined at 773K, and Ce0.7Mn0.3O2–δ 
catalysts calcined at 773 and 1073 K. 
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Further, those results also explained that the presence of Mn3+ also plays an important 
role in Hg0 oxidation in the O2 atmosphere. Therefore, the high ratio of Mn4+/Mn3++Mn2+ 
could be responsible for better Hg0 oxidation. 
4.3  Hg0 Removal Studies 
Catalytic oxidation and adsorption of gaseous Hg0 was investigated using the catalysts 
described in the preceding sections. Due to limited experimental resources and time, 
and the fact that the particle size of 1073 K calcined material was larger than the 773 K 
material, only the Ce0.7Mn0.3O2–δ catalyst calcined at 773 K was selected for the Hg0 
removal studies. The influence of HCl and O2 as simulated flue gas species on catalytic 
oxidation and/or adsorption of Hg0 were studied under the following conditions: 320 
µg/m3 of Hg0, 10 ppm HCl, and 3 % O2, T= 423 K, reaction time= 16 h, flow rate= 200 
mL/min. 
 The Hg0 oxidation (Eoxi) and adsorption (Eads) efficiencies over CeO2, MnOx, and 
Ce0.7Mn0.3O2–δ catalysts calcined at 773 K in presence of HCl and O2 are shown in Figure 
4.10. The Hg0 removal efficiency given in Figure 4.10 is the sum of Eoxi (the amount of 
oxidised mercury that exited the reactor and was captured in the KCl impinger) and Eads 
(the amount of Hg adsorbed to the catalytic material after the testing period).  
Figure 4.10 (a) shows the Hg0 removal efficiencies of the investigated catalysts in 
presence of 10 ppm HCl. It shows that the CeO2, MnOx, and Ce0.7Mn0.3O2–δ catalysts 
achieved Eoxi in the range of 12–18 %. Figure 4.10 (b) shows Hg0 removal efficiencies of 
the investigated catalysts in presence of 3 % O2. The presence of O2 results Eoxi in the 
range of 10–33.5 %. When the simulated flue gas species HCl and O2 separately 
introduced into the gas stream to the catalyst bed, all the catalysts achieved less Eoxi (< 
34 %). However, the Ce0.7Mn0.3O2–δ catalyst showed reasonable Eoxi of 11.7 and 33.5 % 
in presence of HCl and O2 gases, respectively, while compared to pure CeO2 and MnOx. 
Interestingly, the presence of 3% O2 and 10 ppm HCl gas mixture resulted in Eoxi of 
89.6 % for Ce0.7Mn0.3O2–δ catalyst (Figure 4.11c), which was much higher than the Eoxi in 
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the presence of either O2 or HCl flue gases alone. These results suggest that the presence 
of HCl and O2 flue gases together significantly promoted Hg0 oxidation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.10  Hg0 removal efficiencies of CeO2, MnOx, and Ce0.7Mn0.3O2–δ catalysts 
calcined at 773 K under different flue gas conditions a) HCl, b) O2, C) HCl and O2 (320 
µg/m3 of Hg0, 10 ppm HCl, and 3 % O2, T= 423 K, reaction time= 16 h) (number of 
repeat experiment per data point = 3). 
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In contrast, in the presence of HCl/O2-mix, the pure CeO2 and MnOx catalysts achieved 
low Eoxi of 10 and 26 %, respectively, whereas these catalysts showed high Eads of 93.7 
and 73.4 %, respectively. Therefore, it can be concluded that the pure metal oxides used 
in this study act as good Hg0 vapour adsorbents; whereas the Ce0.7Mn0.3O2–δ catalyst has 
superior catalytic properties and minimal adsorbent properties when used in the 
presence of HCl and O2. 
4.4  XPS Analysis of the Spent Catalysts after Mercury Oxidation and Adsorption 
In order to obtain more insight into the interaction between CeO2 and MnOx in the 
Ce0.7Mn0.3O2–δ catalyst during the mercury oxidation and adsorption in the presence of 
HCl and O2, XPS measurements were conducted on the spent catalysts. The Ce 3d and 
Mn 2p XP spectra of spent CeO2, MnOx, and Ce0.7Mn0.3O2–δ catalysts were shown in 
Figure 4.11a and Figure 4.11b, respectively. The binding energies of spent MnOx, CeO2, 
and Ce0.7Mn0.3O2–δ catalysts are also summarized in Table 4.5. 
 
Table 4.5 Binding energies of spent MnOx, CeO2, and Ce0.7Mn0.3O2–δ catalysts calcined at 773 
K after mercury oxidation and adsorption. 
Catalyst Binding energies (eV)  
 Ce 3d 
(u''')  
Mn 2p3/2 O 1s Hg 4f 
 Mn4+ Mn3+ Mn2+ OA OB OC 4f7/2 
MnOx - 643.8 641.7 639.8 529.1 531.5 532.9 102.8 
102.1 
102.0 
CeO2 915.1 - - - 529.2 532.3 533 
CeMnO-773 915.4 643.1 641.4 640.9 529.3 531.2 533.4 
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Figure 4.11  XPS spectra of spent CeO2, MnOx and Ce0.7Mn0.3O2–δ catalysts after 
mercury oxidation and adsorption. a) Ce 3d b) Mn 2p, c) O 1s. 
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As observed from Table 4.3 and Table 4.5, the significant shift of Ce 3d level of the used 
The spent CeO2 catalyst exhibit lower binding energy side of Ce3d core level as 
compared to Ce0.7Mn0.3O2–δ catalyst that confirms the strongly electro-negative chlorine 
or oxygen species adsorbed on CeO2 sites. On the other hand, the binding energy shifts 
of Ce0.7Mn0.3O2–δ are slight, due to a weak adsorption of chlorine species. Therefore, the 
combination of CeO2 with MnOx has lesser mercury adsorption efficiency and increased 
mercury oxidation efficiency. 
 
As shown in Figure 4.11b, the decrease in intensity of Mn 2p peaks in the spent 
Ce0.7Mn0.3O2–δ catalyst can also attributed to the adsorption of mercury species on the 
surface. Further, from Table 4.3 and 4.5, the Mn 2p3/2 binding energy values decreased 
after Hg0 oxidation tests, which also support the reaction between Hg0 and Mn species. 
As shown in Figure 4.11c, for CeMnO-773 catalysts, the binding energy observed for 
lattice oxygen (OA) is at 529.2 eV, whereas spent CeO2 and MnOx catalysts exhibited 
binding energy at around 530.1 eV. The lower binding energy of OA of CeMnO-773 
catalyst confirms that the oxygen available in the catalyst is highly involved during Hg0 
oxidation reaction. 
 
In order to confirm the observation from Figure 4.11a, the ratio of Ce4+/Ce3+ of spent 
Ce0.7Mn0.3O2–δ and CeO2 catalysts was calculated and given in Table 4.6. When 
considering the ratios of Ce4+/Ce3+ of fresh and spent catalysts from Table 4.3 and Table 
4.6, the ratio decreased from 3.14 to 1.36 for Ce0.7Mn0.3O2–δ catalyst, whereas ratio 
decreased from 5.04 to 4.87 pure CeO2. This observation revealed the possibility of the 
reaction between Ce4+ active sites and Hg0 during the oxidation process. The decrease in 
ratio of Mn4+/Mn3++Mn2+ also confirms the occurrence of the reaction between the 
active species and lattice oxygen provided by MnOx. Therefore, it could be concluded 
that the presence of the active Ce4+ and Mn4+ phases as well as the formation of Ce3+ (or 
oxygen vacancies) contributed to high catalytic activity, which are strongly supported 
by XPS results. 
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The Hg 4f spectra of all of the spent MnOx, CeO2, and CeMnO-773 catalysts were also 
shown in Figure 4.12. The binding energies of Hg 4f7/2 at 102.8, 102.1, and 102 eV were 
observed for spent MnOx, CeO2, and CeMnO-773 catalysts, respectively. The Hg 4f7/2 at 
this binding energy can be attributed to the oxidized mercury (HgO) [51].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.12  Hg 4f XP spectra of spent CeO2, MnOx and Ce0.7Mn0.3O2–δ catalysts after 
mercury oxidation and adsorption. 
Table 4.6 The Ce and Mn surface atomic ratios of spent MnOx, CeO2, and Ce0.7Mn0.3O2–δ 
catalysts. 
Catalyst Ce4+/Ce3+ Mn4+/Mn3++Mn2+ 
    
MnOx - 
4.87 
1.36 
0.25 
- 
0.46 
CeO2 
CeMnO-773 
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4.5  Identification of Hg0 removal mechanism 
Based on the observed results from section 4.3 and 4.4, the plausible reaction path may 
be a heterogeneous oxidation (through the Langmuir-Hinshelwood mechanism) of Hg0 
on the Ce0.7Mn0.3O2–δ catalyst when O2 and HCl are present. Several studies have 
previously shown that the oxygen vacancies play an important role in the catalytic 
activity due to the formation of intermediate species like superoxide (O2–) ions in the 
oxidative reactions, which are accruing on the catalysts surface [25,47,48]. In the 
current study, it was found that the Ce0.7Mn0.3O2–δ catalyst is more active in terms of 
redox behaviour than the pure CeO2 or MnOx (Figure 4.6), which can also be possibly 
related to a higher concentration of surface oxygen vacancies (Figure 4.5) due to the 
partial replacement of Ce4+ by Mnx+ in the CeO2 lattice. Accordingly, the oxygen 
vacancies provide sites for oxygen activation to form superoxide (O2–) species. At the 
same time, HCl adsorbed on the Ce0.7Mn0.3O2–δ catalyst surface was first oxidized to 
active Cl species. Then the active Cl (Cl*) would react with adjacent adsorbed Hg0 to 
produce HgCl2, thus leaving empty oxygen vacancies and closing the catalytic cycle [49]. 
Additionally, the higher Eoxi for Ce0.7Mn0.3O2–δ catalyst can be attributed to the effect of 
multiple oxidation states (+4, +3, and +2) of Mn on the redox ability of Ce4+ ↔ Ce3+, 
which is confirmed from Raman, H2-TPR, and XPS observations. The effect of cerium to 
the catalysis might be attributed to its promotion on the cycle between Mn3+ and Mn4+, 
which would speed up the transfer of oxygen and the formation of active chlorine 
species. Therefore, it can be concluded that the combination of Ce and Mn in the catalyst 
matrix had an obvious accelerative effect on Hg0 removal relative to their individual 
respective oxides. The plausible reactions involved in the mechanism are as follows:  
2HCl(g) + O* → Cl*(ad) + H2O           (4.2) 
Hg0(g) → Hg0(ad)              (4.3) 
Cl*(ad) + Hg0(ad) → HgCl*(ad)           (4.4) 
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HgCl*(ad) + Cl*(ad) → HgCl2(ad)           (4.5) 
HgCl2(ad) → HgCl2(g)            (4.6) 
In this reaction, O* represents chemisorbed or lattice oxygen on the surface of CeO2–
MnOx catalyst, which can be consumed by HCl. During the reaction, an intermediate 
product (HgCl*) is formed which subsequently oxidized by other active chlorine species 
to form HgCl2 [50].  The overall mechanism which involved in Hg0 oxidation and 
adsorption over Ce0.7Mn0.3O2–δ catalyst was illustrated in the schematic representation 
as shown in Figure 4.13. 
 
 
 
 
 
 
 
 
  
Figure 4.13  Schematic representation of Hg0 oxidation over Ce0.7Mn0.3O2–δ catalyst. 
4. 6 Conclusions 
The nanostructured Ce0.7Mn0.3O2–δ catalyst was prepared by a co-precipitation method 
from cerium and manganese nitrate precursors. The physicochemical properties were 
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thoroughly investigated by various characterization techniques. The outcomes from this 
work can be summarised by the following points: 
 BET surface area results showed that Mn doping into CeO2 lattice increases the 
surface area of the catalysts when compared to pure CeO2. However, the 
Ce0.7Mn0.3O2–δ catalyst calcined at 1073 K showed less surface area due to increase 
in particle size with calcination temperature. 
 XRD results suggest that Mn dopant was incorporated into CeO2 lattice at 
calcination temperature of 773 K. However, at higher calcination temperature 
(1073 K), two minor discernible peaks at 2θ = 55.6 and 64° appear, which are 
attributed to cubic phase of Mn2O3. This observation confirms the segregation of 
Mn-oxide phase at higher calcination temperature. 
 TEM and HRTEM results confirmed the formation of nanosized Ce0.7Mn0.3O2–δ solid 
solutions with a cubic phase of fluorite structure. The micrographs show the 
presence of nanosized particles with an average diameter of 7-20 nm. Particularly, 
the Ce0.7Mn0.3O2–δ catalyst calcined at 773 K had the smaller particle sizes (7 nm). 
The increased particle sizes from 7 to 20 nm indicate the agglomeration of CeO2 
particles in the catalyst at 1073 K. 
 The Raman results revealed the presence of more oxygen vacancies in the 
Ce0.7Mn0.3O2–δ catalyst calcined at 773 K compared to pure metal oxides (CeO2 and 
MnOx).  
 H2-TPR measurements show that the Ce0.7Mn0.3O2–δ catalyst calcined at 773 K 
showed reduction peaks at lower temperatures as compared to pure CeO2 and 
MnOx. The observed lower reduction temperatures indicate that there was a 
synergistic effect between CeO2 and MnOx in the Ce0.7Mn0.3O2–δ catalyst.  
 XPS results of fresh catalysts revealed that the combination of MnOx and CeO2 
lattice enhanced the surface concentration of Mn4+ and Ce3+ species in the 
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Ce0.7Mn0.3O2–δ catalyst calcined at 773 K as compared to pure CeO2 and MnOx 
catalysts. 
Among all the investigated catalysts, the Ce0.7Mn0.3O2–δ catalyst calcined at 773 K 
exhibited superior activity toward Hg0 oxidation compared to pure CeO2 or MnOx. The 
results show that around 89.6 % of Eoxi was achieved in the presence of 10 ppm HCl and 
3 % O2 simulated flue gas species at an operating temperature of 423 K. The presence of 
HCl and O2 promoted the Hg0 oxidation efficiency. Interestingly, the pure CeO2 and 
MnOx catalysts showed less Eoxi (, 26 %) and high Eads (> 73 %) in presence of HCl and 
O2. It is clearly demonstrated that pure metal oxides function as adsorbents, whereas 
the combination of CeO2 and MnOx, i.e. Mn doped CeO2 catalyst function as good oxidant. 
The improved activity could also be attributed to the formation of more oxygen 
vacancies and facile redox behaviour, which is resulted from the strong synergistic 
effect between CeO2 and MnOx. XPS analysis of spent catalysts also confirmed that the 
Mn4+ and Ce4+ content on the surface of Ce0.7Mn0.3O2–δ catalyst was responsible for Hg0 
oxidation and sorption. Langmuir-Hinshelwood kind of mechanism was proposed for 
Hg0 oxidation and adsorption over Ce0.7Mn0.3O2–δ catalyst in presence of simulated HCl 
and O2 flue gas. Based on these promising results, the Mn doped CeO2 catalyst could be a 
desirable catalyst to oxidize elemental mercury and provide new opportunities in 
removal of elemental mercury that are released in coal-fired power plants. 
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CHAPTER 5 
Hg0 Removal Studies on Fe Doped 
Ce0.7Mn0.3O2–δ Catalysts 
 
In this chapter, to improve the catalytic oxidation and adsorption ability for gaseous 
elemental mercury (Hg0), Fe was introduced as a co-dopant to Ce0.7Mn0.3O2-δ catalyst. 
The catalysts were prepared by coprecipitation method and tested towards elemental 
mercury removal under different flue gas conditions such as HCl, O2, and NH3. Various 
combinations of flue gas conditions such as HCl/O2, HCl/NH3, and O2/NH3 were 
employed in this study.  It was found that doping Fe onto Ce0.7Mn0.3O2-δ catalyst 
significantly improves the catalytic oxidation and adsorption efficiencies of Hg0. Further, 
the as-prepared catalysts were thoroughly investigated by various techniques and the 
plausible mechanisms of the Hg0 oxidation are also discussed.  
 
The work presented in this chapter has been published: 
 
D. Jampaiah, S. J. Ippolito, Y. M. Sabri, B. M. Reddy, S. K. Bhargava,  Highly efficient 
nanosized Mn and Fe codoped ceria-based solid solutions for elemental mercury 
oxidation and adsorption at low flue gas temperatures Catalysis Science and 
Technology 5 (2015) 2913-2924 
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5.1 Introduction 
In the previous chapter, Mn doped CeO2 catalyst was studied in detail and the observed 
Hg0 oxidation efficiency (Eoxi) was 89.6 % in presence of simulated HCl and O2 flue 
gases. However, the Eoxi was 11.7 and 33.5 % in presence of HCl and O2 gases, 
respectively. To further improve the catalytic oxidation and adsorption ability for 
gaseous elemental mercury in presence of all individual flue gas components, this 
chapter focus on introducing Fe as a co-dopant to Ce0.7Mn0.3O2–δ catalyst.  
Considering the chemical behaviour of single metal doped ceria, the two metals doped 
ceria may be unique.  Moreover, the interaction of two metal cations in an oxide matrix 
may lead to new structural and redox properties which may be the cause of excellent 
catalytic activity [1-5]. Therefore, it is beneficial to probe thoroughly into the 
behaviour and application of co-dopant CeO2. Among other transition metal (Ti, Fe, Ni, 
and Co) dopants, Fe has the some special advantages such as promising reducible 
nature (Fe3+/Fe2+), inexpensive, abundantly available (for example, as the fourth most 
common element in the earth’s crust, Fe makes up about 5 % of the earth’s crust) and 
environmentally harmless [6-10]. Trivalent cations of Fe have ioinic radii of 0.55 Å, 
which is smaller than that of Ce4+ (0.97 Å). It was reported that the Fe doped CeO2 
systems also present a remarkable improvement of their oxygen exchange abilities 
compared with the pure CeO2 because of the Ce-Fe synergy that is achieved by 
combining the redox behaviour of the cerium (Ce4+/Ce3+) and iron (Fe3+/Fe2+) cations. 
Thus, it is expected that the doping of Fe can enhance structural and redox properties 
of Ce0.7Mn0.3O2–δ catalyst. Considering this scenario, different amounts of Fe from the 
range of 5, 10, 15, and 20 % doped Ce0.7Mn0.3O2–δ catalysts prepared by co-
precipitation method as described in chapter 2 (section 2.1.2). The Ce0.7-xMn0.3FexO2–δ 
catalysts were tested towards Hg0 sorption and catalytic oxidation process in presence 
of HCl and O2 flue gas species. The effect of NH3 on Hg0 oxidation was also discussed in 
this chapter. The prepared 5, 10, 15, and 20 % amount of Fe doped Ce0.7Mn0.3O2–δ 
catalysts are referred as CMF5, CMF10, CMF15, and CMF20, respectively. The 
structural, surface, and redox properties of as-prepared catalysts were characterized 
by ICP-OES, BET, XRD, TEM, Raman, XPS, and H2-TPR techniques.  
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5.2   Results and discussion 
5.2.1  ICP-OES analysis 
The Ce, Mn, and Fe elemental compositions, which were present in the Ce0.7–
xMn0.3FexO2–δ solid solutions, were determined by ICP-OES analysis and the results are 
described in Table 5.1. It can be concluded that the calculated compositions are well 
matched with the designated chemical formulae. 
 
 
5.2.2  BET surface area analysis 
The nitrogen adsorption-desorption isotherms and pore size distributions of pure CeO2, 
CM, and CMF catalysts are shown in Figure 5.1a and Figure 5.1b, respectively. All 
catalysts displayed typical type IV adsorption isotherms with different types of 
hysteresis, which are characteristic of the mesoporous materials [11]. Both CM and CMF 
catalysts showed H1-type hysteresis, which indicates that the addition of Fe dopant into 
Table 5.1: The chemical compositions of elements of Ce0.7Mn0.3O2–δ (CM), 
Ce0.65Mn0.3Fe0.05O2–δ (CMF5), Ce0.6Mn0.3Fe0.1O2–δ (CMF10), Ce0.55Mn0.3Fe0.15O2–δ (CMF15), 
and Ce0.5Mn0.3Fe0.2O2–δ (CMF20) catalysts. 
Catalyst Nominal values  Actual values from ICP-
OES analysis 
Chemical formulae 
 Ce Mn Fe Ce Mn Fe  
CM  
CMF5 
CMF10 
CMF15 
0.7 
0.65 
0.6 
0.55 
0.3 
0.3 
0.3 
0.3 
- 
0.05 
0.10 
0.15 
0.69 
0.61 
0.58 
0.54 
0.31 
0.32 
0.34 
0.32 
- 
0.07 
0.08 
0.13 
Ce0.69Mn0.31O2–δ 
Ce0.61Mn0.32Fe0.07O2–δ 
Ce0.58Mn0.34Fe0.08O2–δ 
Ce0.54Mn0.32Fe0.13O2–δ 
CMF20 0.50 0.3 0.20 0.51 0.32 0.17 Ce0.51Mn0.32Fe0.17O2–δ 
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Ce0.7Mn0.3O2–δ catalyst maintained its mesoporosity.  The values of specific surface area, 
total pore volume, and average pore diameter of each catalyst are compiled in Table 5.2.  
 
 
 
 
 
 
 
 
 
 
The specific surface area of pure CeO2 and CM catalysts were found to be 41 and 58 m2 
g–1, respectively. The enhanced surface area of CM catalyst relative to pure CeO2 can be 
attributed to decrease in crystallite size, which is supported by XRD results. In case CMF 
catalysts, the surface areas were increased drastically and the values are in the range of 
103.5–125.6 m2 g–1. A relatively large surface area could provide more active sites for 
adsorption of reactant molecules and avail to promote catalytic conversion. From Table 
5.2, it can also be observed that the CMF catalysts have larger pore volumes and 
diameters than the CM and pure CeO2 catalysts. Interestingly, the CMF10 catalyst 
showed highest average pore diameter (21.9 nm) while compared to other catalysts. 
This is postulated to be due to the less agglomeration of CeO2 nanoparticles during 
synthesis process. 
 
 
Table 5.2: BET surface areas, pore volume, and pore diameter of CeO2, 
Ce0.7Mn0.3O2–δ (CM), Ce0.65Mn0.3Fe0.5O2–δ (CMF5), Ce0.6Mn0.3Fe0.1O2–δ 
(CMF10), Ce0.55Mn0.3Fe0.15O2–δ (CMF15), and Ce0.5Mn0.3Fe0.2O2–δ 
(CMF20) catalysts. 
Catalyst Surface area 
(m2 g–1) 
Average Pore 
volume (cm3 g–1) 
Average Pore 
diameter (nm) 
CeO2 41 0.11 9.8 
CM 58 0.44 6.23 
CMF5 108.5 0.57 11.1 
CMF10 107.5 0.54 21.9 
CMF15 103.5 0.55 14.7 
CMF20 125.6 0.51 13.5 
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Figure 5.1 (a) Nitrogen adsorption-desorption isotherms (b) pore size distributions of 
CeO2, Ce0.7Mn0.3O2–δ (CM), Ce0.65Mn0.3Fe0.5O2–δ (CMF5), Ce0.6Mn0.3Fe0.1O2–δ (CMF10), 
Ce0.55Mn0.3Fe0.15O2–δ (CMF15), and Ce0.5Mn0.3Fe0.2O2–δ (CMF20) catalysts. 
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5.2.3  XRD analysis 
The XRD patterns of CM and CMF catalysts are shown in Figure 5.2a. For comparison, 
pure CeO2 XRD pattern is also included. The distinct diffraction peaks in the XRD pattern 
of CM catalyst can be indexed to the CeO2 (111), (200), (220), (311), and (222) lattice 
planes, which can be attributed to the fluorite structure of CeO2 as identified by using 
the standard data JCPDS 34-0394 [12]. There are no secondary phases such as Mn3O4, 
Mn2O3, MnO in the XRD profiles of CM catalyst indicating the formation of Ce0.7Mn0.3O2–δ 
solid solution [13]. The XRD patterns of CMF5, CMF10, CMF15, and CMF20 catalysts also 
show the same diffraction peaks as that of pure CeO2.  
The diffraction peaks derived from Fe3O4, Fe2O3, or FeO phases are absent in these 
samples. It can be concluded that Mn and/or Fe dopant cations clearly substitute into 
CeO2 lattice, which may be due to the increased solubility of Mn as a result of codoping 
with Fe [14]. XRD analysis also reveals that all peaks for CMF catalysts were 
significantly wider compared to pure CeO2 catalyst and it clearly confirmed that 
broadening indicates small crystallite size and/or strain. 
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Figure 5.2 (a) XRD patterns of CeO2, Ce0.7Mn0.3O2–δ (CM), Ce0.65Mn0.3Fe0.5O2–δ (CMF5), 
Ce0.6Mn0.3Fe0.1O2–δ (CMF10), Ce0.55Mn0.3Fe0.15O2–δ (CMF15), and Ce0.5Mn0.3Fe0.2O2–δ 
(CMF20) catalysts, and (b) Enlarged view of (111) lattice plane of each catalysts. 
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The average crystallite sizes of all catalysts were calculated from X-ray line broadening 
of the peaks at (111) lattice plane by using Sherrer’s equation and illustrated in Table 
5.3. It can be confirmed that the pure ceria and CM catalysts show crystallite sizes of 
8.92 and 7.19 nm, respectively. Interestingly, the CMF catalysts show a remarkable 
decrease in crystallite size and the observed values are in the range of 5.89–7.02 nm. 
The decrease in crystallite size is compared with the mono dopant and bi-dopants. It was 
found that the co-doped CeO2 catalysts showed lower crystallite size, which indicates that the 
presence of dopants increases the defect sites within the ceria lattice, thereby producing more 
oxygen vacancies. Therefore, it clearly indicates that the substitution of Mn and/or Fe 
together into the CeO2 lattice diminished the crystallite growth largely due to the 
appearance of oxygen vacancies and lattice defects in the CeO2 lattice [15, 16].  
  
 
 
 
 
 
 
 
 
 
 
Table 5.3: The crystallite size and lattice parameter values of CeO2 
Ce0.7Mn0.3O2–δ (CM), Ce0.65Mn0.3Fe0.5O2–δ (CMF5), Ce0.6Mn0.3Fe0.1O2–δ 
(CMF10), Ce0.55Mn0.3Fe0.15O2–δ (CMF15), and Ce0.5Mn0.3Fe0.2O2–δ 
(CMF20) catalysts 
Catalyst Crystallite size 
(nm) 
Lattice parameter 
(Å) 
CeO2 8.92 5.41 
CM 7.19 5.35 
CMF5 7.02 5.31 
CMF10 5.89 5.27 
CMF15 6.92 5.26 
CMF20 6.55 5.22 
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Figure 5.2b shows that the 2θ value of (111) plane of CM catalyst shift slightly towards 
higher angles compared to pure CeO2. In the case of CMF catalysts, the shift was more 
pronounced. To understand this, the lattice parameters (a) were estimated and 
illustrated in Table 5.3. The lattice parameter calculated from the (111) reflection of the 
pure CeO2 nanoparticles is 5.413 Å (Table 1), which matches well with the lattice 
parameter of bulk CeO2 (a=5.411Å) [17, 18]. The large cell parameter may be attributed 
to the lattice defects resulting from the increased Ce3+ ions and oxygen vacancies. 
Similarly, the lattice parameter values were calculated for CM and CMF catalysts and the 
values are in the range of 5.29–5.35 Å, which is smaller than pure CeO2. It can be 
confirmed that a clear decrease of the unit cell parameter versus Fe (x=0, 0.05, 0.1, 0.15, 
or 0.20) content can be noticed (Table 5.3), which is in agreement with Vegard’s law 
[19]. The observed phenomena can be explained through two possibilities. On one hand, 
it may be due to lattice constriction effect or synergetic interaction of Mnx+, Fe3+, and 
Ce4+ ions, which is resulting from the successful substitution of Ce4+ (0.97 Å) by Mnx+ 
(Mn2+ = 0.83Å, Mn3+ = 0.65Å, Mn4+ = 0.53Å) and Fe3+ (0.65 Å) ions, thereby the 
formation of Ce0.7Mn0.3O2–δ and Ce0.7–xMn0.3FexO2–δ solid solutions, respectively. On the 
other hand, when a Ce4+ ion is substituted by a Mnx+ or Fe3+, a O vacancy will be formed 
to achieve electrical neutrality. Therefore an increase in the Fe content had enhanced 
the O vacancies which resulted in lattice contraction. Further, the intervalence charge 
transfer between Mn and/or Fe dopants could cause significant alteration in the oxygen 
vacancy concentration. This would possibly enhance the catalytic properties.  
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5.2.4  TEM analysis 
The morphology of as-prepared pure CeO2 and CM catalysts were determined using 
TEM as shown in Figure 5.3a and Figure 5.3b, respectively. It can be observed that the 
average particle size of CeO2 is about ~12 nm, which is close to the values obtained from 
the Scherrer equation (Table 5.3). The particle size of CM catalyst is about ~8 nm, which 
is also a close match with the calculated average crystallite size from XRD.   
 
Figure 5.3 TEM images of (a) CeO2, (b) Ce0.7Mn0.3O2–δ (CM), (c) Ce0.65Mn0.3Fe0.5O2–δ 
(CMF5), (d) Ce0.6Mn0.3Fe0.1O2–δ (CMF10), (e) Ce0.55Mn0.3Fe0.15O2–δ (CMF15), and (f) 
Ce0.5Mn0.3Fe0.2O2–δ (CMF20) catalysts. 
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Figure 5.3c–f shows the TEM images of the CMF catalysts having the compositions of 
Ce0.65Mn0.3Fe0.05O2–δ, Ce0.6Mn0.3Fe0.1O2–δ, Ce0.55Mn0.3Fe0.15O2–δ, and Ce0.5Mn0.3Fe0.2O2–δ 
solid solutions, respectively. Interestingly, the TEM images of the CMF catalysts show 
that the particle sizes were about ~5–7 nm, which is in-line with the XRD results. It was 
obvious that the particle sizes of the CMF catalysts are smaller than those of CM and 
CeO2 samples and also the products have spherical shapes, which may be due to the fact 
that the codoping of Mnx+ and/or Fe3+ in CeO2 lattice stabilizes nanocrystals of the solid 
solution. 
5.2.5  Raman spectral analysis 
The presence of Ce3+ or any dopants in the fluorite structure of CeO2 generally generates 
oxygen vacancies in order to maintain electroneutrality. Raman spectroscopy is a useful 
technique to confer the information on the oxygen vacancies of oxide materials, 
especially ceria-containing solid solutions [21]. The Raman spectra of pure CeO2, CM, 
and CMF catalysts are shown in Figure 5.4. Usually, bulk CeO2 has a strong Raman band 
(F2g) at 460 cm–1, which can be attributed to a symmetric breathing mode of the oxygen 
atoms surrounding each Ce4+ cation [12]. The Raman spectra of all CM and CMF 
catalysts display a strong band around this region, confirming the existence of fluorite 
structure of ceria in all the doped ceria catalysts. From Raman spectra, there are two 
typical characteristics in the main F2g mode band, which differ from pure ceria. Firstly, 
the width of peak increased which is the result of either lattice defects or a consequence 
of electron molecular vibrational coupling arising from the increased concentration of 
defects in oxygen sub-lattice of CeO2 and presence of magnetic ions in ceria lattice [22–
24]. Second, the positions of CM and CMF samples differ relative to pure CeO2. It can be 
obviously seen that the peak values shifted to the left side as Fe3+ doping concentration 
increased. This observed shift is powerful evidence of Mn and/or Fe incorporation in 
the lattice for the doped ceria catalysts, which could be attributed to the presence of 
oxygen vacancies. The extra oxygen vacancies could be generated due to the 
incorporation of Mn4+/3+ or Fe3+ ions into the ceria fluorite lattice to compensate for the 
valence discrepancy between the M3+ (M= Mn, and/or Fe) and Ce4+ ions. Interestingly, 
the Fe3O4 peaks were observed to be absent for all the doped ceria catalysts. On the 
Chapter 5 Hg0 removal studies on Fe doped Ce0.7Mn0.3O2–δ catalysts 
 
 
Page | 151  
 
other hand, the peak observed at ~648 cm–1 attributed to the formation of Mn3O4 [12]. 
However, the formation of isolated MnOx and Fe2O3 crystallites are not detected by XRD, 
indicating a high dispersion of oxides formed in the solid solutions [25, 26]. 
 
 
 
 
 
 
 
 
 
Figure 5.4 Raman spectra of CeO2, Ce0.7Mn0.3O2–δ (CM), Ce0.65Mn0.3Fe0.5O2–δ (CMF5), 
Ce0.6Mn0.3Fe0.1O2–δ (CMF10), Ce0.55Mn0.3Fe0.15O2–δ (CMF15), and Ce0.5Mn0.3Fe0.2O2–δ 
(CMF20) catalysts. 
5.2.6  H2-TPR analysis 
In order to obtain information on the steps involved in the reduction processes, the 
redox properties of pure CeO2, CM, and CMF catalysts were investigated by the H2-TPR 
technique as shown in Figure 5.5. It is well known that the pure ceria has two reduction 
peaks, one at ∼758 K, which can be ascribed to the surface oxygen reduction and later at 
1005 K (in chapter 3, Figure 4.5), which can be attributed to the complete reduction of 
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Ce4+ into Ce3+ [27]. In case of CM catalyst, there are two reduction peaks, which appear 
at lower temperatures relative to pure CeO2.  
 
 
 
 
 
 
 
 
Figure 5.5 H2–TPR patterns of CeO2, Ce0.7Mn0.3O2–δ (CM), Ce0.65Mn0.3Fe0.5O2–δ (CMF5), 
Ce0.6Mn0.3Fe0.1O2–δ (CMF10), Ce0.55Mn0.3Fe0.15O2–δ (CMF15), and Ce0.5Mn0.3Fe0.2O2–δ 
(CMF20) catalysts. 
According to literature, the low temperature peak observed at ~514 K could be 
attributed to the readily reducible and highly dispersed surface manganese species with 
the reduction of MnO2/Mn2O3 to Mn3O4. The high temperature reduction peak observed 
at ~604 K can be assigned to the reduction of Mn3O4 to MnO and that of the surface 
ceria [13]. After introduction of Mn and/or Fe dopants together, the reduction peaks 
shifted to a low temperature region (<600 K) when compared to CM catalyst. This 
phenomenon can be due to the type of synergetic interaction between cerium oxide 
species and Mn and/or Fe oxides, which can create structural distortion and surface 
oxygen defects [28]. In addition, the peaks become broad and the reduction area under 
the peak increased as the Fe3+ doping concentration increases. According to H2 
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consumption peak areas, the CMF catalysts could have more active oxygen species [13]. 
Therefore, a higher concentration of these surface active oxygen species can be 
expected to play a vital role when employing these catalysts for catalytic oxidation 
reactions. 
5.2.7  X-ray photoelectron spectroscopy analysis 
To further verify the elementary oxidation states and surface compositions of each 
species within the synthesized catalysts, each sample was analysed using XPS. 
5.2.7.1  Ce 3d core-level spectra 
Figure 5.6 shows the Ce 3d XPS profile of CeO2, CM, and CMF catalysts. The XP spectra of 
Ce 3d could split into five spin-orbit doublets (3d5/2 and 3d3/2) labelled as v, v′, v′′, v′′′, u, 
u′, u′′, u′′′. The signals v, v′′, v′′′, u, u′′, u′′′ can be assigned to Ce4+ species while those 
labelled v′ and u′ are related to Ce3+ species [27, 29–31]. It can be clearly observed that 
both Ce3+ and Ce4+ coexist in the catalysts, however, the primary valance is observed to 
be the 4+ oxidation state. It is worth noting that the intensity of Ce4+ peaks (v, v′′, v′′′, u, 
u′′, u′′′) of CMF catalysts is smaller than that of CM and pure CeO2 catalysts, indicating 
that the concentration of Ce3+/(Ce3+ + Ce4+) on the surface of these catalysts is enhanced 
by the incorporation of Fe3+ and/or Mnx+ into the CeO2 lattice [32]. In order to confirm 
this, the Ce3+ concentration was calculated by deconvolution of peaks and the obtained 
results are illustrated in Table 5.4. The CMF catalysts showed highest Ce3+ concentration 
compared to pure CeO2 and CM catalysts, and the respective order is CMF20 > CMF15 > 
CMF10 > CMF5 > CM > CeO2. It is widely known that the appearance of Ce3+ in the lattice 
can create lattice distortions, thereby generation of oxygen vacancies and unsaturated 
chemical bonds on the catalyst surface [33, 34]. These oxygen vacancies can be utilized 
for enhanced Hg0 oxidation.  
 
 
Chapter 5 Hg0 removal studies on Fe doped Ce0.7Mn0.3O2–δ catalysts 
 
 
Page | 154  
 
 
 
 
 
 
 
 
 
 
Figure 5.6 Ce 3d XPS spectra of CeO2, Ce0.7Mn0.3O2–δ (CM), Ce0.65Mn0.3Fe0.5O2–δ (CMF5), 
Ce0.6Mn0.3Fe0.1O2–δ (CMF10), Ce0.55Mn0.3Fe0.15O2–δ (CMF15), and Ce0.5Mn0.3Fe0.2O2–δ 
(CMF20) catalysts. 
5.2.7.2  O 1s core-level spectra 
The O 1s XPS spectra of pure CeO2, CM, and CMF catalysts are shown in Figure 5.7. For 
pure CeO2, the O 1s spectra can be divided into three peaks. The peak centred at 
~529.4–530.2 eV is attributed to lattice oxygen (designated as OA) while that located at 
~531.4–532.1 eV can be attributed to surface-absorbed oxygen from the oxide defects 
or OH groups (designated as OB) [12]. The third peak located at ~533.5 eV (designated 
as OC) can be attributed to chemisorbed water and/or carbonates on the catalyst 
surface [35]. 
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Figure 5.7 O 1s XPS spectra of CeO2, Ce0.7Mn0.3O2–δ (CM), Ce0.65Mn0.3Fe0.5O2–δ (CMF5), 
Ce0.6Mn0.3Fe0.1O2–δ (CMF10), Ce0.55Mn0.3Fe0.15O2–δ (CMF15), and, Ce0.5Mn0.3Fe0.2O2–δ 
(CMF20) catalysts. 
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In case of doped ceria catalysts, there is a shifting of the lattice oxygen peak towards 
lower binding energy values. It clearly indicates that the chemical environment of lattice 
oxygen was significantly changed after the Mn and/or Fe incorporation [20]. The lower 
binding energy of lattice oxygen could make the surface oxygen more labile, which could 
be beneficial for the low-temperature Hg0 oxidation.  
5.2.7.3  Mn 2p and Fe 2p core-level spectra 
The Mn 2p core level spectra of CM and CMF catalysts are shown in Figure 5.8a, while 
the Fe 2p core level spectra for CMF catalysts are shown in Figure 5.8b. The XPS profile 
of Mn 2p exhibited two peaks at ~653.2 and ~642.2 eV, which can be attributed to Mn 
2p1/2 and Mn 2p3/2 states, respectively. The broad Mn 2p3/2 can be divided into three 
characteristic peaks, which can be assigned to Mn2+ (640.4 eV), Mn3+ (642.2 eV), and 
Mn4+ (643.5 eV), respectively, which is matched with literature [36]. This implies the co-
existence of Mn2+, Mn3+, and Mn4+ ions at the surface of the catalysts. The presence of 
high valence having manganese species could be enhanced mercury removal efficiency.  
The binding energy of Fe 2p3/2 and Fe 2p1/2 core level spectra of CMF catalysts is 
observed at ~710.8 and ~724.2 eV (Fig. 5.8b). Generally, Fe2p3/2 peak appears at 706.7 
eV for metallic Fe. But, here, the Fe2p3/2 peak appeared at 710.8 eV. Therefore, they can 
be attributed to the +3 oxidation states of Fe. In addition, the peak separation between 
2p3/2 and 2p1/2 is approximately 14 eV, which confirms that Fe is in the oxide phase 
rather than in metallic form [37, 38].  
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Figure 5.8 (a) Mn 2p (b) Fe 2p XPS spectra of CeO2, Ce0.7Mn0.3O2–δ (CM), 
Ce0.65Mn0.3Fe0.5O2–δ (CMF5), Ce0.6Mn0.3Fe0.1O2–δ (CMF10), Ce0.55Mn0.3Fe0.15O2–δ (CMF15), 
and, Ce0.5Mn0.3Fe0.2O2–δ (CMF20) catalysts. 
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Table 5.4: The surface atomic concentrations and binding energies of CeO2, 
Ce0.7Mn0.3O2–δ (CM), Ce0.65Mn0.3Fe0.05O2–δ (CMF5), Ce0.6Mn0.3Fe0.1O2–δ (CMF10), 
Ce0.55Mn0.3Fe0.15O2–δ (CMF15), and Ce0.5Mn0.3Fe0.2O2–δ (CMF20) catalysts. 
 
 
 
 
 
 
 
 
 
OA = lattice oxygen; OB = surface adsorbed oxygen; OC = chemisorbed water and/or 
carbonates 
 
 
  
Catalyst Ce3+/Ce3++Ce4+ (%) O 1s centre (eV ) 
   
  OI OII OIII 
CeO2 12.6 530.4 531.9 - 
 
CM 16.51 529.1 531.4 532.9 
 
CMF5 
 
CMF10 
 
CMF15 
 
CMF20 
19.13 
 
26.46 
 
30.87 
 
37.01 
529.0 
 
528.9 
 
528.7 
 
528.5 
531.4 
 
530.6 
 
531.3 
 
530.4 
533.1 
 
533.2 
 
533.6 
 
533.4 
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5.3  Hg0 Removal Studies 
Catalytic oxidation and adsorption of gaseous Hg0 was investigated using the catalysts 
described in the preceding sections. The influence of HCl and O2 on catalytic oxidation 
and/or adsorption of Hg0 were studied under the following conditions: 320 µg/m3 of 
Hg0, 10 ppm HCl, and 3 % O2, and 300 ppm NH3, T=423 K, reaction time= 16 h, flow rate 
200 mL/min. 
Figure 5.9a, 5.9b, 5.9c represents the effect of Fe doping on Hg0 removal efficiencies (Eoxi 
and Eads) in presence of HCl, O2, and HCl/O2 mix conditions, respectively. As shown in 
Figure 5.9a, in the presence of 10 ppm HCl conditions, the CMF catalysts achieved in the 
range of 43–86.5 %. It shows that as the Fe doping increases from 5 to 20 % into 
Ce0.7Mn0.3O2–δ catalyst, the Eoxi increased from 43 to 86.5 %. The CM and CeO2 catalysts 
achieved Eoxi of 11.2 and 14.6 %, respectively. It was clear that the doping of Fe into 
Ce0.7Mn0.3O2–δ catalyst significantly enhanced the Hg0 oxidation efficiency of CeO2, as 
increasing the Fe content by 20 % lead to 86.5 % of the Hg0 being oxidised. This is 
presumably due to the increasing Ce3+ concentration with higher Fe loading content, 
which results in more surface oxygen vacancies in the ceria lattice as supported by XPS 
results (shown in Figure 5.6). As a result CMF20 catalyst produced relatively more 
active sites for catalytic reactions and thus enhances the Hg0 oxidation efficiency. On the 
other hand, when the catalysts were tested for their Hg0 removal performance in the 
presence of O2 atmosphere, it was found that Eoxi of CM and CMF catalysts were less 
than 15%, while their Eads were more than 90 %. This is due to the high active oxygen 
content present in the CMF catalysts. Figure 5.9c shows the catalyst performance when 
tested under HCl/O2 mixture. It is observed that Hg0 oxidation as well as adsorption 
occurred. Generally, Hg0 cannot be directly oxidized by HCl in the absence of O2 [40], 
therefore the available surface oxygen species (observed in XPS data, in Figure 5.7) 
leads to formation of active chlorine, which plays a pivotal role in the Hg0 oxidation 
process. This observation further explains the data presented in Figure 5.9a, where the 
CMF catalysts showed better Hg0 oxidation performances in presence of HCl. The data 
indicates that when O2 is introduced into the catalyst bed individually or together with 
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HCl vapour, the weakly adsorbed Hg0 reacts with surface oxygen to form mercuric oxide 
(HgO) instead of the preferred water soluble form of oxidize mercury (i.e. HgCl2) [54].  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.9   Hg0 removal efficiencies of CeO2, Ce0.7Mn0.3O2–δ (CM), Ce0.65Mn0.3Fe0.5O2–
δ (CMF5), Ce0.6Mn0.3Fe0.1O2–δ (CMF10), Ce0.55Mn0.3Fe0.15O2–δ (CMF15), and 
Ce0.5Mn0.3Fe0.2O2–δ (CMF20) catalysts under different flue gas conditions (a) HCl (b) O2 
(c) HCl and O2. (320 µg/m3 of Hg0, 10 ppm HCl, and 3 % O2, T=423 K, reaction time= 16 
h) (number of repeat experiment per data point = 3). 
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The plausible mechanism involved in this process is diagrammatically presented in the 
scheme shown in Figure 5.10. Overall, the Hg0 removal performances (adsorption and 
oxidation) of the CMF catalysts were prominent in all conditions, however, the addition 
of Fe dopant is found to have produced well dispersed active sites and more surface 
oxygen, which all contribute toward superior Hg0 removal performance of the 
developed catalysts, in particular CMF20 catalyst. 
 
 
 
 
 
 
 
Figure 5.10  The plausible mechanism involved in the Hg0 oxidation reactions over 
Fe doped Ce0.7Mn0.3O2–δ catalysts. 
5.4   Effect of individual flue gas components 
5.4.1  Effect of HCl 
Generally, the high levels of mercury oxidation are most strongly correlated with high 
chlorine concentrations in the coal-fired power plant flue gas [42]. Therefore, the effect 
of HCl concentration on Hg0 conversion of CMF20 catalyst developed in this study is 
investigated and the results are shown in Figure 5.11. With the increase of HCl 
concentration from 5 ppm to 20 ppm, the Eoxi increased from 60 to 95 %. On the other 
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hand, the Eads is observed to decrease from 42 to 7 % for the same change in HCl 
concentration. It clearly indicates that formation of surface defects or oxygen vacancies 
reinforced the formation of active chlorine species, which are responsible for Hg0 
oxidation in the presence of HCl. Additionally, the Eoxi is observed to increase only 
slightly when the HCl concentration is increased from 10 to 20 ppm. It can be due to the 
constant amount of active sites for both Hg0 and HCl species on the surface of the 
samples. Overall, the Hg0 oxidation mechanism of the developed CMF20 catalyst is likely 
to follows the Langmuir–Hinshelwood mechanism, in which the activated oxygen and 
chlorine species on catalyst surface react with adsorbed Hg0 to form Hg2+ [43] as 
follows. 
2HCl + O* → 2Cl* + H2O           (5.1) 
Hg0(g) → Hg0(ads)             (5.2) 
Hg0(ads) + Cl* → HgCl*           (5.3) 
HgCl* + Cl* → HgCl2           (5.4) 
Cl* + Cl* → Cl2            (5.5) 
Hg0(g) + Cl2 → HgCl + Cl*          (5.6) 
HgCl + Cl2 → HgCl2 + Cl*          (5.7) 
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Figure 5.11   Effect of HCl concentration on Hg0 removal efficiencies of 
Ce0.5Mn0.3Fe0.2O2–δ (CMF20) catalyst. (320 µg/m3 of Hg0, and 5-20 ppm HCl, T=423 K, 
reaction time= 16 h) (number of repeat experiment per data point = 3). 
 
5.4.2  Effect of O2 
The Eoxi and Eads changing with O2 concentration was studied over CMF20 catalyst at an 
operating temperature of 473 K as shown in Figure 5.12. It can be clearly observed that 
the O2 concentration affects the extent of Eoxi and Eads of the developed CMF20 catalyst 
during Hg0 oxidation reactions. Li et al. has previously reported that adsorbed Hg on the 
Mn‒Ce/Ti catalyst can be explained by the Mars–Maessen mechanism. It clearly 
explains that Hg0 reacts with lattice oxygen on the catalyst surface to form weakly 
bonded speciation Hg‒O‒MnOx−1 or reacts with surface oxygen to form HgO [43]. 
However in the presence of HCl, the scenario is different. The active Cl* may generate 
due to the presence of lattice oxygen from the catalyst. Initially, the CMF20 catalyst was 
tested towards 10 ppm HCl and 3% O2 conditions at 473 K and found that the Eoxi and 
Eads were 4.53 and 95.3 %, respectively. Due to the high Eads, it can be concluded that 
Hg0 was converted to Hg2+ in the form of HgO. Unlike HgCl2 which sublimes easily, HgO 
has a low vapor pressure which inhibits it from reaching the KCl traps designed for 
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oxidized mercury and thus it can be adsorbed on the catalyst. This is further evidenced 
by the fact that as the concentration of O2 decreases from 3% to 0.75 %, the Eads 
decreased and Eoxi increased. The observed Eoxi and Eads in the presence of 10 ppm HCl 
and 0.75% O2 gas mixture were 68 and 31%, respectively.  It was clear that the oxidised 
from of mercury can exist in two forms such as HgO or HgCl2 and this form is completely 
depends on the concentrations of flue gases. 
The adsorption of elemental mercury by metal oxides can be explained by Mars–
Maessen mechanism [44]. In this mechanism, adsorbed Hg0 would react with a lattice 
oxidant (either active O* or Cl*) that is replenished from the gas phase. The reactions, 
which happened during elemental mercury adsorption by the CMF20 catalyst, were 
described as follows 
Hg0(g) ↔ Hg0(ads)            (5.8) 
Hg0(ads) + Ce(IV)–Ox → HgO(ads) + Ce(III)–Ox–1       (5.9) 
Ce(III)–Ox–1 + 1/2 O2 → Ce(IV)–Ox        (5.10) 
Hg0(ads) + Mn4+ + O* → HgO(ads) + Mn3+        (5.11) 
Hg0(ads) + Fe3+ + O* → HgO(ads) + Fe2+        (5.12) 
Mn3+ + 1/2O2 → Mn4+ + O*          (5.13) 
Fe2+ + 1/2O2 → Fe3+ + O*          (5.14) 
According to reaction 5.8, the Hg0 first adsorbs on the active sites of the catalyst surface. 
The adsorbed mercury is then oxidized to HgO by reaction (5.10). Reaction (5.11) then 
follows where the Ce(IV)–Ox component of the catalyst is regenerated. In addition, the 
adsorbed Hg0 could also react with lattice or surface oxygen that is provided by the 
dispersed Mn and/or Fe oxides on the CMF20 catalyst. The proceeding reactions (5.12–
5.14) demonstrate the Hg0 oxidation and regeneration of the Mn and Fe components of 
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the catalyst that is thought to occur in presence of O2 atmosphere. During reoxidization, 
some cation vacancies may also be recovered [45]. Therefore, it can be concluded that 
the incorporation of Mn and Fe together in the CeO2 lattice is advantageous for 
achieving better Hg0 removal efficiencies. 
 
 
 
 
 
 
Figure 5.12  Effect of O2 concentration on Hg0 removal efficiencies of 
Ce0.5Mn0.3Fe0.2O2–δ (CMF20) catalyst. (320 µg/m3 of Hg0, and 0-3 % O2 T=423 K, reaction 
time= 16 h) (number of repeat experiment per data point = 3). 
5.4.3  Effect of NH3 
In order to understand the plausible mechanisms involved in the inhibition of Hg0 
removal by NH3 over CMF20 catalyst, 300 ppm NH3 was added into the system. The 
effect of NH3 was tested in two different conditions such as NH3+HCl and NH3+O2 and 
the resulting Eoxi and Eads of the CMF20 catalyst is presented in Figure 5.13. It can be 
observed that the addition of 300 ppm NH3 and 3% O2 gas mixture resulted in a 
significant decrease of Eads from 95 to 60 %. This indicates that consumption of surface 
oxygen by NH3 might be responsible for the reduced Hg0 removal performances [46]. On 
the other hand, the NH3 and HCl gas mixture also showed obvious inhibition on Eoxi and 
Eads. The Eoxi was found to reduce from 86 to 35% for CMF20 catalyst. It can be 
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concluded that NH3 can strongly compete with Hg0 to adsorb on the catalyst even in the 
presence of HCl [47, 48].  
 
 
 
 
 
 
 
 
 
Figure 5.13   Effect of NH3 on Hg0 removal efficiencies of Ce0.5Mn0.3Fe0.2O2–δ (CMF20) 
catalyst. (320 µg/m3 of Hg0, and 10 ppm HCl, 3 % O2, and 300 ppm NH3, T=423 K, 
reaction time= 16 h) (number of repeat experiment per data point = 3). 
5.5  Conclusions 
In this chapter, the Fe doped Ce0.7Mn0.3O2–δ catalysts were successfully prepared by a 
simple and facile coprecipitation method. The structural, surface, and redox properties 
were deeply investigated by various characterization techniques. The outcomes from 
this work can be summarised by the following points: 
 ICP-OES results confirm that the nominal compositions of Mn and Fe dopants were 
matched with the calculated values. XRD results suggest that the Fe cations 
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incorporated into Ce0.7Mn0.3O2–δ catalyst without any impurities, which illustrates 
the formation of Ce0.7-xMn0.3FexO2–δ solid solutions. The average crystallite sizes 
and lattice parameter values of CMF catalysts are smaller than that of CM catalyst. 
 
 BET results confirm that the surface area of CMF catalysts increased effectively 
(the largest surface area among the investigated catalysts is 125 m2 g-1) by 
comparison with CM (58 m2 g-1) and pure CeO2 (41 m2 g-1). The significant 
improved surface area of CMF catalysts is most probably due to the decrease in 
particle sizes as a result of two dopants. 
 
 
 TEM images show that the average particle sizes were decreased from 7 nm to 
4nm due to doping of Fe into Ce0.7Mn0.3O2–δ catalyst. The presence of two dopants 
significantly reduced the ceria particle sizes. 
 
 From H2–TPR studies, it was deduced that the presence of Fe ion in Ce0.7–
xMn0.3FexO2–δ catalyst brought down the temperature of H2-uptake. As a result, the 
Mn and Fe co-doped CeO2 catalysts showed enhanced redox behaviour compared 
to CM and pure CeO2 catalysts.  
 
 XPS results show that as the Fe doping increases from 5 to 20 %, the Ce3+ content 
increased in CMF catalysts. Particularly, the CMF20 catalyst showed highest Ce3+ 
content (37.01 %) when compared to CM (16.51 %) and CeO2 (12.6 %). The 
incorporation Fe dopant further enhanced imbalance in the lattice, thereby 
produced more Ce3+ ions. 
 
The developed Ce0.7–xMn0.3FexO2–δ catalysts were highly active toward Hg0 oxidation and 
sorption at low flue gas temperatures when compared to pure CeO2 and CM catalysts. 
Among the developed catalysts, the CMF20 catalyst (synthesised with 20 % Fe content 
in the solution) exhibited more than 85 % of Eoxi and 95 % of Eads in presence of HCl and 
O2 flue gases, respectively. As the HCl concentrations increases to 20 ppm, the CMF20 
catalyst achieved > 95 % of Eoxi. However, the presence of NH3, the CMF20 catalyst 
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achieved the less Eoxi (< 40 %). It indicates that the presence of NH3 in simulated flue 
gas inhibited Hg0 oxidation and sorption. The CMF20 catalyst followed Langmuir-
Hinshelwood mechanism and Mars-Maessen mechanism in presence of HCl and O2 flue 
gas, respectively.  
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CHAPTER 6 
Conclusions and Future Plan 
 
 
 
In this chapter, the summary of the work presented in the thesis as well as future plans were 
also discussed.  
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6.1 Summary 
This thesis has been focused on the design and development of ceria-based materials 
for the removal of Hg0 via both oxidation and adsorption based processes. Initial 
screening of ceria based materials doped with transition metals such as Mn, Fe and Zr, 
as well as rare earth metals such as Pr, La and Sm were tested for their efficiency to 
remove Hg0 in the presence of 10 ppm HCl (chapter 3). Thereafter the best performing 
catalytic material, namely Ce0.7Mn0.3O2–δ catalyst was studied in detail under different 
flue gas conditions containing various concentrations of HCl, O2, and HCl/O2 mixtures 
over 16 hour long experiments (chapter 4). Thereafter Chapter 5 focused on increasing 
the performance of the Ce0.7Mn0.3O2–δ catalyst by co-doping it with Fe where it was 
found that up to 95 % of the Hg0 was converted to Hg2+ when in the presences of HCl 
and O2 by sorption. However the presence of NH3 was found to inhibit Hg0 removal of Fe 
doped Ce0.7Mn0.3O2–δ catalyst. 
 
Overall it was found that the transition metal doped ceria catalysts selected for this 
study are superior to single component (pure CeO2) catalysts, for Hg0 oxidation and 
sorption. The significant outcomes derived from this research program are summarised 
in the following section. 
 
6.2  Outcomes 
Transition and rare earth metals (Mn, Fe, Zr, La, Pr, and Sm) doped CeO2 based catalysts 
were successfully prepared by an aqueous co-precipitation method and subjected to 
heat treatment at 773 K in chapter 3. For the purpose of comparison, nanosized CeO2 
was also synthesized by adopting precipitation method and calcined at 773 K. All the 
investigated catalysts were thoroughly characterized by different spectroscopic and 
microscopic techniques. The XRD results suggest that the formation of cubic fluorite 
structured Ce0.7Mn0.3O2-δ, Ce0.8Fe0.2O2-δ, Ce0.75Zr0.25O2, Ce0.8La0.2O2-δ, Ce0.8Pr0.2O2-δ, and 
Ce0.8Sm0.2O2-δ solid solutions. The Raman measurements revealed the existence of cubic 
ceria-metal phase and establish the generation of defects in the lattice leading to the 
formation of oxygen vacancies. The enhancement in the oxygen vacancy concentration 
(near surface/bulk) by the incorporation of metal dopants into the ceria lattice is more 
compared to that of pure CeO2. This observation confirms the enhanced oxygen defects 
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by the incorporation of metal dopants into the ceria lattice. The XPS data and the 
corresponding binding energies indicated that the Ce was present in both 3+ and 4+ 
oxidation states, the latter being the most predominant. The obtained TEM micrographs 
reveal that the catalysts bear nanosized particles. The TEM results also confirmed that 
the ceria-based solid solution nanocrystals have average particle dimension of ~7-10 
nm when treated at 773 K. BET surface area results showed that the catalysts possess 
reasonably high specific surface. The UV-vis DRS measurements confer information 
about Ce4  O2 and Ce3  O2 charge transfer and interband transitions. The redox 
nature of the system was studied with the help of TPR measurements. The reduction 
temperature of the all the investigated ceria-based solid solution was observed to be 
lower than that of the pure ceria and exhibited better redox properties. The order of Hg0 
oxidation activity over pure CeO2 and doped CeO2 catalysts is as follows: Ce0.7Mn0.3O2-δ > 
Ce0.8La0.2O2-δ > Ce0.75Zr0.25O2 > Ce0.8Fe0.2O2-δ > Ce0.8Sm0.2O2-δ > CeO2 > Ce0.8Pr0.2O2-δ. In the 
presence of HCl, the Hg0 oxidation mechanism over doped CeO2 catalyst occurred 
through the Langmuir-Hinshelwood mechanism, which explains the pathway to 
understand the Hg0 oxidation over catalysts in oxygen-deficient environmental 
conditions in coal-fired power plants. 
 
Although, the doped CeO2 catalysts show more Hg0 oxidation efficiency while compared 
to pure CeO2, the observed oxidation efficiency was less (~43 %) relatively to the other 
catalysts investigated in the literature. Therefore, in order to improve Hg0 oxidation 
efficiency and understand the clear mechanism of Hg0 oxidation over the best 
developed Ce0.7Mn0.3O2-δ catalyst, the experimental conditions and flue gas compositions 
were changed in chapter 4. In this chapter, the effect of calcination temperature on best 
nanostructured Ce0.7Mn0.3O2-δ catalyst was also studied by calcined the catalyst at 
1073  K and compared the structural, surface, and redox properties by employing 
different characterization techniques. Moreover, the physicochemical properties of 
Ce0.7Mn0.3O2-δ catalyst were compared with the pure CeO2 and MnOx. XRD, BET, and TEM 
and HRTEM results confirmed the formation of nanosized Ce0.7Mn0.3O2-δ catalyst with 
improved textural properties. Raman and XRD results show that the Mn dopant 
incorporation enhanced surface oxygen vacancies in the ceria lattice while compared to 
pure CeO2. TPR results also showed Ce0.7Mn0.3O2-δ catalyst is having superior redox 
behaviour while compared to pure CeO2 and MnOx. However, as the calcination 
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temperature increases to 1073 K, the structural and redox properties decreased when 
compared to the catalyst calcined at 773 K. However, the surface adsorbed oxygen and 
Mn4+ contents on the surface of Ce0.7Mn0.3O2-δ catalyst decrease with the increase of 
calcination temperature due to the removal of adsorbed surface oxygen and crystalline 
phase transformation of MnOx and its aggregation. Hg0 oxidation results showed that 
the Ce0.7Mn0.3O2-δ catalyst calcined at 773 K exhibited greater Hg0 oxidation efficiency 
(Eoxi) of 11.7, 33.5, and 89.6% in the presence of HCl, O2, and HCl/O2-mix conditions, 
respectively.  The results clearly indicated that the HCl/O2-mix had a promotional effect 
on the catalytic Hg0 oxidation. This was most likely due to the presence of surface 
oxygen species and oxygen vacancies being generated by a synergetic effect between 
CeO2 and MnOx.  
 
The mono-doping of metal ion such as Mn was enhanced physicochemical properties 
and thereby Hg0 oxidation efficiency of Ce0.7Mn0.3O2-δ catalyst in chapter 4. The addition 
of Fe as a co-dopant with different loadings (5, 10, 15, and 20 %) was found to enhance 
the structural and redox properties of the Ce0.7Mn0.3O2-δ catalyst. These improvements 
in properties were found to be more prominent in Hg0 removal experiments. In chapter 
5, various nanosized Mn and Fe codoped CeO2 catalysts, Ce0.7−xMn0.3FexO2−δ (x = 0.05–
0.2), were prepared by a simple co-precipitation method and tested towards elemental 
mercury (Hg0) oxidation and adsorption. XRD results show that the addition of Fe into 
Ce0.7Mn0.3O2-δ catalyst formed the Ce0.7−xMn0.3FexO2−δ solid solution without any 
impurities such as Mn- and Fe- oxides. It can be concluded that Mn and/or Fe dopants 
clearly substituted into the CeO2 lattice, which may be due to the increased solubility of 
Mn as a result of codoping with Fe. Nitrogen adsorption-desorption isotherms indicated 
that Fe doping increased the surface area of Ce0.7Mn0.3O2-δ catalyst significantly from 58 
to 125.6 m2 g-1. Raman results showed that F2g peak becomes broad when Fe doping 
content increases from 5 to 20 %, thereby increased oxygen vacancies in the ceria 
lattice. TEM results confirmed the smaller particle sizes (~ 5-7 nm), when compared to 
Ce0.7Mn0.3O2-δ catalyst (8 nm), XPS results proved that the Fe doping enhanced Mn4+ and 
Ce3+ content in the Ce0.7−xMn0.3FexO2−δ catalysts. The Hg0 oxidation and adsorption 
studies indicate that Ce0.7−xMn0.3FexO2−δ catalysts exhibited the highest activity 
compared to pure CeO2. In particular, the Ce0.5Mn0.3Fe0.2O2−δ (CMF20) solid solution 
shows Hg0 oxidation efficiency (Eoxi) of 86.5 % in presence of HCl flue gas conditions. 
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The CMF20 catalyst achieved more than 95 % of Eads in presence of O2 flue gas 
conditions. It was found that the doping of both Mn and Fe led to lattice distortion and 
restrained growth of CeO2, resulting in synergistic increase in oxygen vacancies and 
catalytic activity. 
 
In the present thesis, the Langmuir-Hinshelwood mechanism and the Mars-Maessen 
mechanism have been used to explain the heterogeneous Hg0 oxidation over doped 
CeO2 catalysts. When both HCl and O2 gases present in  simulated flue gas, the Hg0 
oxidation on the Mn doped CeO2 and Fe doped Ce0.7Mn0.3O2-δ catalysts surface followed 
the Langmuir-Hinshelwood mechanism, where reactions took place between the 
adsorbed active species and adsorbed Hg0 to form Hg2+. In presence of O2, the catalysts 
followed the Mars-Maessen mechanism. In this mechanism, adsorbed Hg0 would react 
with a lattice oxidant that is replenished from the gas phase, forming HgO. 
 
On the whole, using soft chemical routes to synthesis nanometer sized transition and 
rare earth metals (Mn, Fe, Zr, La, Pr, and Sm) doped CeO2 based catalysts were 
successfully undertaken. Among them, the best developed Mn doped ceria catalyst was 
studied extensively for Hg0 oxidation studies. Further, the effect of different amount of 
Fe doping on Hg0 removal performances was studied. Physicochemical characterization 
of all the catalyst systems showed that the systems are thermally quite stable, and 
possess very high surface area. Remarkable redox property was disclosed by the doped 
ceria solid solutions over pure CeO2. The Ce0.7Mn0.3O2-δ, and Ce0.5Mn0.3Fe0.2O2−δ catalysts 
were shown the best catalytic activity for Hg0 oxidation and adsorption among the 
investigated systems and could be utilized in coal-fired power plants to control Hg0 
emissions. 
 
6.3 Future Plan 
In recent years, the CeO2-based materials epitomize the most important catalysts for 
mercury removal and therefore have been investigated for mercury oxidation in this 
work. Future work will include optimization of catalysts compositions and using real 
flue gas components. In order to simulate a realistic flue gas environment, the research 
on the study of NOx, NH3, CO2, SO2, and H2O vapour effects on the Hg0 oxidation and 
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adsorption is also significant since all of these species can also exist in coal-fired flue 
gas. These flue gas components can also enhance or inhibit mercury oxidation, and an 
accurate pathway would not be complete without the consideration of these effects. It 
would be beneficial to see how these flue gases affect mercury oxidation in presence of 
ceria-based materials. Therefore, elucidating the mechanism of the surface chemistry 
involved during the adsorption and overall Hg removal over these ceria-based catalysts 
would be a major advance in designing an effective technology for Hg removal in full-
scale systems.  Further, aside from improving oxidation efficiency, the materials 
stability and tolerance against humidity and sulphur is also very important to reduce 
mercury removal in coal-fired power plants. Finally, the Hg0 removal (oxidation and 
adsorption) studies will need to be assessed from the kinetics point of view in order to 
understand the clear mechanism under real flue gas atmosphere. Each of these 
remaining issues should be addressed as a part of future work. 
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